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(54) Process and device for producing photonic crystal, and optical element 



(57) There is provided a process for producing an 
optical element comprising a photonic crystal in which 
spots having different indices are arranged periodically, 
comprising the step of exposing an optical medium 
whose refractive index changes by irradiation of light or 
by a predetermined treatment conducted after the irra- 
diation of light according to the intensity of the applied 
light to a field where light intensity changes in space at 
a period of the wavelength order of light and holding the 
optical medium for a given time, and the step of repeat- 
ing at least once the step of creating another field where 
light intensity changes in space at a period of the wave- 
length order of light by shifting the optical medium. Fur- 
ther, by using a plurality of optical media whose refrac- 
tive indices change by an external field, the refractive 
indices of certain two media out of these optical media 
are caused to be the same or about the same under a 
certain external field condition. By reflecting the distri- 
bution patterns that light senses under these two condi- 
tions on a desired crystal structure, shape of a lattice 
point and period, there can be provided an optical ele- 
ment and an optical demultiplexer that are capable of 
dynamically switching between two significantly differ- 
ent photonic structures by switching the external field 
conditions. 



/l5x 
MIRROR 




15y 

MIRROR 



FIG. 2 



CL 
UJ 




1 EP 1 089 095 

Description 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to a process and a de- 5 
vice for producing an optical element having a photonic- 
band structure, particularly an optical element compris- 
ing a three-dimensional photonic crystal having a de- 
sired crystal structure easily and in a short period of 
time, and it also relates to an optical element produced 10 
by using the process and the device. 
[0002] Furthermore, the present invention relates to 
an optical element and an optical demultiplexer. More 
specifically, it relates to an active optical element and 
an optical demultiplexer that have achieved an optical is 
switching function by changing a photonic-band struc- 
ture by switching external fields such as light and an 
electric field in a photonic crystal. 
[0003] In the structure called "photonic crystal" in 
which two types of optical media having different refrac- 20 
tive indices are arranged periodically at a wavelength 
order of light, the relationship between the wave number 
of light and its frequency, i.e. photon energy, shows a 
band structure due to periodic changes in the refractive 
indices. This phenomenon is similar to the phenomenon 25 
that electron energy in a semiconductor shows a band 
structure in a periodic potential. 

[0004] The photonic crystal is significantly character- 
ized by its optical properties since it is capable of making 
the so-called "photonic-bandgap" in which light does not 30 
transmit in any directions (E. Yablonovitch. Phys. Rev. 
Lett. 58(20), 2059(1 987)) appear and has very high de- 
grees of optical anisotropy and dispersibility. Thus, by 
taking advantage of such properties, there have been 
proposed the control of natural light and an optical 35 
waveguide, a polarizer and an optical demultiplexer that 
have a very small radius of curvature at the corner, and 
expectations are being raised about their applications 
to a variety of fields. 

[0005] Heretofore, however, there has not been avail- 40 
able an effective process for producing a photonic crys- 
tal, particularly a three-dimensional photonic crystal, in 
which the refractive indices have a periodic structure at 
the wavelength order of light, in the form of a crystal 
structure suitable for the application of an optical ele- 45 
ment. This has been a factor that hinders the commer- 
cialization of the photonic crystal and an optical element 
using the same. 

[0006] To improve the above situation, there have re- 
cently been made several reports on the production of so 
a photonic crystal at the wavelength order of light. Rep- 
resentative among them arc on the following three proc- 
esses. 

(i) A process for producing a photonic crystal by 55 
removing a solvent from a colloidal solution contain- 
ing silicon oxide fine particles to crystallize the sili- 
con oxide fine particles. This process takes advan- 
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tage of the self-arrangement of silicon oxide fine 
particles, and the photonic crystal produced is 
called "opal type". By this process, a crystal having 
a high repetition number can be produced relatively 
easily (H. Miguez et al. , appl. Phys. Lett. 71 (9), 1 1 48 
(1997)). However, in this process, the silicon oxide 
fine particles are not arranged with high reproduci- 
bility and high reliability, and a crystal structure can- 
not be selected freely. 

(2) Wood-Pile process (S. Noda et al. Jpn. J. AppL 
Phys., 35, L909(1 996)). In this process, by using a 
semiconductor micromachining technique, a struc- 
ture comprising a plurality of arranged square tim- 
bers is formed on each of two substrates, the sub- 
strates are bonded to each other in such a manner 
that the square timbers on one substrate are faced 
at right angles with the square timbers on the other 
substrate, and one of the substrates is removed by 
etching to form a structure comprising two layers of 
"square timbers". Similarly, a substrate having 
"square timbers" arranged on the surface is pre- 
pared, and a layer of square timbers is piled up by 
repeating bonding with accurate positioning and 
etching. It has been found that a diamond structure 
which opens a photonic-bandgap in all directions 
can be formed by this process. This process, how- 
ever, requires a micromachining process which is 
complicated and time-consuming, and there is a 
limit for the number of repeating periods that can be 
actually formed. 

(3) A process called "autocloning" process 
(Kawakami et al., Japanese Patent Application 
Laid-Open No. 335758/1998). In this process, a 
two-dimensional, periodic convexo-concave pat- 
tern is formed on a substrate made of quartz or a 
semiconductor by lithography, and a number of thin 
films are laminated thereon while the underlying 
convexo-concave pattern is reproduced by bias 
sputtering. Thus, a three-dimensional periodic 
structure is formed both in the surface direction of 
the substrate on which the convexo-concave pat- 
tern has been engraved at the beginning and in the 
laminating direction perpendicular to the surface. 
This process is more reliable and more excellent in 
terms of reliability and reproducibility than the proc- 
ess for producing the opal-type photonic crystal, 
and does not require a micromachining process 
which is as complicated and time-consuming as 
that in the Wood-Pile process. Therefore, this proc- 
ess is capable of producing a photonic crystal which 
has a relatively large number of periods in the lam- 
inating direction. However, since it is inevitable in 
this process that concave portions come over the 
concave portions of the pattern of the underlying 
layer and convex portions come over the convex 
portions of the pattern of the underlying layer this 
process can realize only specific types of crystal 
structures and therefore cannot attain arbitrary 
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types of crystal structures. In fact, a photonic crystal 
having a perfect bandgap which opens in all direc- 
tions cannot be formed by this process. 

[0007] Other than the above three processes, there 5 
has been proposed a process for producing a photonic 
crystal by taking advantage of an interference pattern of 
light (Tsunetomo, Koyama, Japanese Patent Applica- 
tion Laid-Open No. 68807/1998). in this process, a laser 
beam is directed onto a number of thin films laminated io 
one-dimensionally so as to bake the interference pattern 
on the films, and periodic incisions are made in a per- 
pendicular direction on the surface of the multi-layer film 
by taking advantage of the fusion, evaporation and ab- 
lation occurring on portions where light intensity is high is 
to form a photonic crystal. This process is considered to 
be an efficient process because it can form a number of 
periods at a time when a periodic structure is formed by 
using the interference pattern of a laser. However, even 
this process is limited in the types of crystal structures 20 
it can form. 

[0008] As described above, the conventional process 
taking advantage of the self-arrangement of silicon ox- 
ide fine particles has problems associated with reliability 
and reproducibility. Meanwhile, since other processes 25 
require that each layer be laminated with high accuracy 
to form the periods of a photonic crystal, even if they 
succeed in the formation of the photonic crystal, it takes 
long time, the number of repeating periods is limited, 
and a desired crystal structure cannot be formed freely. 30 
[0009] Meanwhile, the application of such a photonic 
crystal has also been limited heretofore. 
[0010] That is, except for the three examples that will 
be given below, the photonic crystal has been conven- 
tionally used as a "passive element", and they have 35 
been rarely proposed to be used as an "active element". 
In other words, most of the conventionally proposed 
photonic crystals are determined their optical properties 
by the refractive-index distribution fixed in space. There- 
fore, in an optical demultiplexer, for example, the wave- *o 
length (frequency) of light to be transmitted in a specific 
direction is fixed, and the frequency of light to be derived 
in a specific direction has not been able to be switched. 
It has also not been possible to dynamically switch the 
direction of light from one direction of a branch placed 45 
in a waveguide to the other direction thereof. 
[0011] The following three proposals use a photonic 
crystal as an "active element" having a switching func- 
tion. 

so 

(4) One of the proposals uses a photonic crystal in 
which an ultrasonic generator or a thermoregulator 
for disturbing its periodicity and braking its band 
structure has been installed. It is intended by the 
installation of such devices to make appear or dis- 55 
appear the delaying effect of a photonic crystal to 
be used as a delay unit for light (Todori et al., Jap- 
anese Patent Application Laid-Open No. 



83005/1998). 

(5) Another proposal uses a one-dimensional pho- 
tonic crystal that has an electrooptic material sand- 
wiched between diffraction gratings having a metal 
film formed on the surface facing the other grating. 
By applying a voltage between the metal films, the 
refractive index of the electrooptic material changes 
and the position of the bandgap in a one-dimension- 
al direction changes, whereby the transmission of 
light having a wavelength near the end of the band 
can be made ON/OFF (Todori et al., Japanese Pat- 
ent Application Laid-Open No. 83005/1998). 

(6) In the third proposal, a photonic crystal contain- 
ing a semiconductor as its constituent is irradiated 
with circularly-polarized light as controlling light to 
change the distribution of spins in the photonic crys- 
tal material, i.e., complex refractive index thereof, 
whereby the photonic-band structure changes, with 
the result that switching of light transmitting the pho- 
tonic crystal is achieved (Takeuchi, Nishikawa, Jap- 
anese Patent Application Laid-Open No. 
90634/1998). 

[0012] However, the above three proposals still have 
problems to be solved with regard to the following 
points. 

[0013] That is, the above proposal (4) merely switch- 
es between the appearance and the disappearance of 
the function as the photonic crystal, and does not 
change actively the manner in which the function as the 
photonic crystal appears. Therefore, it cannot be used 
for controlling the direction in an optical demultiplexer 
or the branching in an optical waveguide. 
[0014] Trie above proposal (5), due to its structure, 
can only apply to a one-dimensional photonic crystal, 
and cannot apply to a two-dimensional or three-dimen- 
sional photonic crystal having high dispersibility and ex- 
cellent properties as waveguides. 
[0015] The above proposal (6) changes the band 
structure by changing the complex refractive indices of 
the optical media constituting the photonic crystal, and 
cannot change the periodicity and symmetry of the pho- 
tonic crystal. Therefore, it cannot induce a change in a 
large band structure. 

[001 6] As described above, the conventional photonic 
crystals, even when imparted with an active function, 
have been limited to the action of selecting whether the 
function itself as the photonic crystal should appear or 
disappear, in the number of dimensions of the photonic 
crystal capable of switching and to a particular control- 
lable range. In either case, the prior arts use a process 
of changing only the refractive indices of optical materi- 
als of different types without changing distributions 
thereof, cannot switch the crystal structure and perio- 
dicity of the photonic crystal, and cannot change the 
structure of a photonic-band freely and dynamically. 
[0017] Meanwhile, it is known that in the case where 
a bandgap occurs in the photonic crystal, when the 
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spots of a photonic crystal in which periodicity is irreg- 
ular are continued one-dimensionally, light is trapped 
within only these spots, thereby forming a fine optical 
waveguide that can stand sharp bending which has not 
been conventionally achieved (Attila Mekis et al., Phys. 5 
Rev. Lett. 77, 3787(1996)). If a branch can be placed in 
such a fine optical waveguide to switch the direction of 
light according to its wavelength, the waveguide itself 
functions as an optical demultiplexer, whereby an opti- 
cally functional element that is extremely useful in the w 
integration in optical communications and optical cir- 
cuits and in the simplification of production process 
thereof can be formed. 

[0018] However, in the above prior arts, for any wave- 
length of light in the waveguide, the same spots in the '5 
photonic crystal always exhibit irregular periodicity, that 
is, they function as a waveguide. Thus, it has not been 
possible to use the above-described fine waveguide it- 
seir in the photonic crystal as an optical demultiplexer 
that functions according to wavelength. 20 
[0019] As specifically described above, conventional- 
ly, the locations of those spots having different refractive 
indices, that is. the patterns of spatial changes in refrac- 
tive indices, have been fixed in space and, therefore, 
there has been a limit to the range of change in the band 25 
structure. As a result, it has not been possible to change 
the band structure freely, significantly and dynamically 
for the active use of the photonic crystal. 
[0020] That is. a technique to attain an optical element 
using an active photonic crystal has not been known 30 
heretofore. Further, a technique to use a fine waveguide 
itself in a photonic crystal as an optical demultiplexer 
has not been known heretofore, either. 

SUMMARY OF THE INVENTIO N 35 

[0021] It is the first object of the present invention to 
provide a novel process and a novel production device 
that can produce a three-dimensional photonic crystal 
having a period of a wavelength order of light in the form 40 
of any crystal structure with ease and a short period of 
time without going through the step of laminating layers 
of "crystal" with accuracy as in the conventional proc- 
ess; and an optical element produced by the process 
and the device. 45 
[0022] It is the second object of the present invention 
to provide a novel optical element that can control the 
band structure of a photonic crystal freely, significantly 
and dynamically, particularly an optical element that can 
control the band structure of a photonic crystal by so 
changing the distribution pattern of complex refractive 
index or periodicity itself; and a novel optical demulti- 
plexer using the waveguides in the photonic crystal. 
[0023] First of all, the production process of the optical 
element of the present invention is a process for pro- 55 
ducing an optical element comprising a photonic crystal 
in which spots having different refractive indices are ar- 
ranged periodically, which comprises the step of placing 



an optical medium, whose refractive index changes by 
irradiation of light orby conducting predetermined treat- 
ment after the irradiation of light according to the inten- 
sity of the applied light, in a field where light intensity 
cianqcs at a period of the wavelength order of light in 
soacc and keeping the medium therein for a given time; 
and the step of repeating at least once the step of chang- 
ing the position of the optical medium and having the 
above field acted on the medium again. 
[0024] As the optical medium used in the present in- 
vention, there can be used one whose refractive index 
changes, according to the intensity of applied light, by 
senng the medium aside for a given time after irradia- 
tion of bghi ci by subjecting the medium to heat treat- 
ment. irrHdiaton of electromagnetic wave or corpuscu- 
lar radiation, or treatment with chemicals after the irra- 
diation of hgnt 

[0025] in the p-occss of the present invention, the op- 
tical field whec 1 gtu intensity changes al a period of the 
wavelength o der of light in space is created, for exam- 
ple, by interference of a laser beam. To shift the position 
of the optical medium for a minute distance of the wave- 
length order of light, a piezo element-incorporated stage 
that can shift the optical medium in three directions of 
x. y and z is used, for example. 

[0026] The production device of the optical element 
of the present invention comprises an optical system 
that creates an optical field where light intensity changes 
in space at a period of the wavelength order of light, and 
a movable stage that keeps an optical medium whose 
refractive index changes according to the intensity of ap- 
plied light in the optical field where light intensity chang- 
es periodically and that can shift the optical medium for 
a minute distance of the wavelength order of light in the 
field. 

[0027] The production device of the optical element 
of the present invention may further comprise a light 
source and a detector for evaluating the optical element 
produced. 

[0028] The optical element of the present invention 
that is produced by the above process and the above 
device is an optical element comprising a photonic crys- 
tal in which spots having different refractive indices are 
arranged periodically, wherein a spot with a certain re- 
fractive index which constitutes the photonic crystal is 
located at a lattice point of a desired crystal structure; 
the refractive index distribution of an optical medium lo- 
cated at each lattice point has a shape having projec- 
tions or bulges in the directions of three different axes; 
the crystal structure is not a simple lattice or the shape 
of the refractive index distribution of an optical medium 
located at each lattice point is not isotropic; and the re- 
fractive index distributions of optical media located at 
the lattice points together forming a simple lattice have 
the same shape and direction. 

[0029] Meanwhile, the optical element of the present 
invention has a structure comprising the first optical me- 
dium in which the second optical medium and the third 
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optical medium are periodically arranged at an interval 
of the wavelength order of incident light. In the optical 
element, the relative relationship among the refractive 
indices of the first to third, that is, the first, the second 
and the third optical media is changed by changing the 
external field condition applied to the above structure, 
whereby the periodicity of the spacial distribution ol the 
refractive indices formed in the above structure can be 
changed. 

[0030] The phrase "wavelength order of light" as used 
herein indicates an interval of about the same order as 
the wavelength of light. The interval is not significantly 
different from the wavelength of light, as exemplified by 
at least several tens of times or at most several tenths 
of the wavelength. 

[0031] To describe the above constitution more spe- 
cifically, the optical element of the present invention has 
a one-dimensional, two-dimensional or three-dimen- 
sional structure in which at least three types or optical 
media are arranged periodically. Optical materials, tem- 
perature and external field conditions are selected so 
that the refractive indices of at least two optical media 
should be different from each other to the frequency of 
incident light. By the application of electric field, mag- 
netic field or pressure or the, irradiation of light to the 
structure, or by a change in the electric field, magnetic 
field or pressure applied to the structure, a change in 
the intensity or wavelength of applied light or a change 
in the temperature ot the structure, a combination of op- 
tical media having the largest refractive index difference 
change in the frequency of light inputted in the structure, 
or new spots having different refractive indices from the 
existing spots appear periodically, that is. a new periodic 
structure is formed after the change, or the relative ratio 
of the periodic peaks of the refractive indices of the me- 
dia which occur in the structure changes, so that a new 
band structure appears in the wavelength range asso- 
ciated with incident light. 

[0032] As for the usage form of the optical element, 
in the structure of the optical element, since the refrac- 
tive index of the first optical medium and that of the third 
optical medium are substantially the same and the re- 
fractive index of the first optical medium and that of the 
second optical medium are substantially different to light 
having a given wavelength under the first external field 
condition, the light having a given wavelength is modu- 
lated by the periodic arrangement of the second optical 
medium, whereas since the refractive index of the first 
optical medium and that of the second optical medium 
are substantially the same and the refractive index of 
the first optical medium and that of the third optical me- 
dium arc substantially different to the light having a giv- 
en wavelength under the second external field condition 
different from the first external field condition, the light 
having a given wavelength is modulated by the periodic 
arrangement of the third optical medium 
[0033] To describe it more specifically, when the struc- 
ture having a periodic structure is constituted by three 



types of optical media, which are each defined as the 
first optical medium, the second optical medium and the 
third optical medium and whose refractive indices are 
each defined as the first refractive index, the second re- 
s fractive index and the third refractive index, the distribu- 
tion of each of the first, the second and the third optical 
media in the structure has a periodic structure. In the 
above structure, since the refractive index of the first op- 
tical medium and that of the third optical medium are 
10 about the same and the refractive index of the first op- 
tical medium and that of the second optical medium are 
different in the wavelength of light inputted to the optical 
element, that is, the difference between the first refrac- 
tive index and the second refractive index is larger than 
15 the difference between the first refractive index and the 
third refractive index, the periodic structure of the refrac- 
tive index by which incident light is modulated in the 
structure is determined mainly by the periodic distribu- 
tion of the second medium. Further, by the application 
so of electric field, magnetic field or pressure or the irradi- 
ation of light to the structure, or by a change in the elec- 
tric field, magnetic field or pressure applied to the struc- 
ture, a change in the intensity or wavelength of applied 
light or a change in the temperature of the structure, the 
25 refractive index of the first medium and that of the sec- 
ond medium become about the same and the refractive 
index of the first medium and that of the third medium 
become different in the above wavelength, that is. the 
difference between the first refractive index and the third 
30 refractive index becomes larger than the difference be- 
tween the first refractive index and the second refractive 
index, whereby the periodic structure of the refractive 
index by which incident light is modulated in the struc- 
ture is determined mainly by the periodic distribution of 
35 the third medium instead, so that a new band structure 
appears in the wavelength range associated with inci- 
dent light. 

[0034] Further, the third optical element of the present 
invention has a structure comprising the first optical me- 

40 dium. the second optical medium arranged periodically 
in the first optical medium, and the third optical medium 
which has been substituted for and arranged in contin- 
uous spots of the periodic structure that should be 
formed by the second optical medium in the first optical 

45 medium. In this third optical element, since the complex 
refractive index of the second optical medium and the 
complex refractive index of the third optical medium are 
substantially different to light having a given wavelength 
under the first external field condition, the continuous 

so spots substituted by the third optical medium function 
as a waveguide to the light having a given wavelength, 
whereas since the complex refractive index of the sec- 
ond optical medium and the complex refractive index of 
the third optical medium are substantially the same to 

55 the light having a given wavelength under the second 
external field condition different from the first external 
field condition, the continuous spots substituted by the 
third optical medium do not function as a waveguide to 
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the light having a given wavelength. 
[0035] To describe it more specifically, the above third 
optical element has a two-dimensional or three-dimen- 
sional structure which comprises at least two types of 
optical media having different complex refractive indices 
and in which spots formed of the same type of optical 
medium are arranged periodically. The irregularities in 
the periodic structure of this structure exist as one-di- 
mensionally continuous spots in the structure, and the 
one-dimensionally continuous spots function as an op- 
tical waveguide. When at least three types of optical me- 
dia are used, three optical media out of these optical 
media are each defined as the first optical medium, the 
second optical medium and the third optical medium, 
and the complex refractive indices of the first, the sec- 
ond and the third optical media in the vicinity of the fre- 
quency v of light to be inputted in this waveguide are 
each defined as the first complex refractive index, the 
second complex refractive index and the third complex 
refractive index, this structure has a two-dimensional or 
three-dimensional periodic structure formed of the sec- 
ond optical medium in the first optical medium, a portion 
of the two-dimensional or three-dimensional periodic 
structure formed of the second optical medium is sub- 
stituted by the one-dimensionally continuous spots 
formed of the third medium, the first complex refractive 
index and the second complex refractive index are dif- 
ferent and the second complex refractive index and the 
third complex refractive index are also different in the 
vicinity of the frequency of light inputted in this optical 
element, and the spots substituted by the third medium 
function as an optical waveguide. By the application of 
electric field, magnetic field or pressure or the irradiation 
of light to the structure, or by a change in the electric 
field, magnetic field or pressure applied to the structure, 
a change in the intensity or wavelength of applied light 
or a change in the temperature of the structure, the sec- 
ond complex refractive index and the third complex re- 
fractive index become about the same while the first 
complex refractive index and the second complex re- 
fractive index remain different in the vicinity of the fre- 
quency v, whereby the spots substituted by the third me- 
dium do not function as the irregularities in the periodic 
structure to incident light and therefore the spots func- 
tioning as an optical waveguide disappear. Thus, this 
optical element is imparted with a waveguide having a 
switching function. 

[0036] Further, the fourth optical element of the 
present invention has a structure comprising the first op- 
tical medium, the second optical medium arranged pe- 
riodically in the first optical medium, the third optical me- 
dium which has been substituted for and arranged in the 
first continuous portion of the periodic structure that 
should be formed by the second optical medium in the 
first optical medium, the fourth optical medium which 
has been substituted for and arranged in the second 
continuous portion of the periodic structure that should 
be formed by the second optical medium in the first op- 



tical medium, and the third continuous portion of the pe- 
riodic structure which should be formed by the second 
optical medium and in which the periodicity of the sec- 
ond medium is irregular; and the first portion and the 
5 second portion are connected to the third portion. In the 
fourth optical element, since, under the first external 
field condition, the complex refractive index of the first 
optical medium, the complex refractive index of the sec- 
ond optical medium and the complex refractive index of 
*0 the third optical medium are different from one another 
to light having a given wavelength, and the complex re- 
fractive index of the second optical medium and the 
complex refractive index of the fourth optical medium 
are substantially the same to the light having a given 

is wavelength, the first portion and the third portion func- 
tion as waveguides to the light having a given wave- 
length. On the other hand, since, under the second ex- 
ternal field condition different from the first external field 
condition, the complex ref ractive index of the first optical 

so medium, the complex refractive index of the second op- 
tical medium and the complex refractive index of the 
fourth optical medium are different from one another to 
the light having a given wavelength, and the complex 
refractive index of the second optical medium and the 

25 complex refractive index of the third optical medium are 
substantially the same to the light having a given wave- 
length, the second portion and the third portion function 
as waveguides to the light having a given wavelength. 
Thus, the fourth optical element of the present invention 

30 is capable of switching the heading direction of the light 
having a given wavelength which has been inputted in 
the third portion either to the first portion or to the second 
portion. 

[0037] To describe it more specifically, the above 

35 fourth optical element has a two-dimensional or three- 
dimensional structure which comprises at least two 
types of optical media having different complex refrac- 
tive indices and in which spots formed of the same type 
of optical medium are arranged periodically. The irreg- 

40 ularities in the periodic structure of this structure exist 
as one-dimensionally continuous spots in the structure, 
and the one-dimensionally continuous spots function as 
an optical waveguide. When at least four types of optical 
media are used, these optical media are each defined 

4 5 as the first optical medium, the second optical medium, 
the third optical medium and the fourth optical medium, 
and the complex rerractive indices of the first to the 
fourth optical media in the vicinity of thie frequency of 
light to be inputted in this optical waveguide are each 

so defined as the first complex refractive index, the second 
complex refractive index, the third complex refractive in- 
dex and the fourth complex refractive index, this struc- 
ture has a two-dimensional or three-dimensional peri- 
odic structure formed of the second optical medium in 

55 the first optical medium, a portion of the two-dimensional 
or three-dimensional periodic structure formed of the 
second optical medium is substituted by the one-dimen- 
sionally continuous portion formed of the third medium 
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to form the first portion, another portion thereof is sub- 
stituted by the one-dimensionally continuous portion 
formed of the fourth medium to form the second portion, 
one-dimensionally continuous irregularities in the peri- 
odic structure of the second medium are formed in still 
another portion thereof to form the third portion, and the 
first portion and the second portion are connected to the 
third portion. Since the first complex refractive index and 
the second complex refractive index are different, the 
second complex refractive index and the third complex 
refractive index are also different, and the second com- 
plex refractive index and the fourth complex refractive 
index are about the same in the vicinity of the frequency 
of light to be inputted in this optical element, the third 
portion and the first portion function as optical 
waveguides for the incident light By the application of 
electric field, magnetic field or pressure or the irradiation 
of light to the structure, or by a change in the electric 
field, magnetic field or pressure applied to the structure, 
a change in the state of applied light or a change in the 
temperature of the structure, the second complex re- 
fractive index and the fourth complex refractive index 
become different and the second complex refractive in- 
dex and the third complex refractive index become 
about the same while the first complex refractive index 
and the second complex refractive index remain differ- 
ent in the vicinity of the frequency v, whereby the first 
portion no longer functions as the irregularity in the pe- 
riodic structure to the incident light and therefore no 
longer functions as an optical waveguide while the sec- 
ond portion starts to function as an optical waveguide 
instead. Thus, the above fourth optical element is capa- 
ble of switching the heading direction of the light inputted 
in the third portion between the first portion and the sec- 
ond portion. 

[0038] Meanwhile, the optical demultiplexer of the 
present invention has a structure comprising the first op- 
tical medium, the second optical medium arranged pe- 
riodically in the first optical medium, the third optical me- 
dium which has been substituted for and arranged in the 
first continuous portion of the periodic structure that 
should be formed by the second optical medium in the 
first optical medium, the fourth optical medium which 
has been substituted for and arranged in the second 
continuous portion of the periodic structure that should 
be formed by the second optical medium in the first op- 
tical medium, and the third continuous portion of the pe- 
riodic structure which should be formed by the second 
optical medium and in which the periodicity of the sec- 
ond medium is irregular; and the first portion and the 
second portion are connected to the third portion. In this 
optical demultiplexer, since the complex refractive index 
of the first optical medium, the complex refractive index 
of the second optical medium and the complex refractive 
index of the third optical medium are different from one 
another to light having the first wavelength, and the com- 
plex refractive index of the second optical medium and 
the complex refractive index of the fourth optical medi- 



um are substantially the same to the light having the first 
wavelength, the first portion and the third portion func- 
tion as waveguides to the light having the first wave- 
length. On the other hand, since the complex refractive 

5 index of the first optical medium, the complex refractive 
index of the second optical medium and the complex 
refractive index of the fourth optical medium are sub- 
stantially different from one another to light having the 
second wavelength different from the first wavelength, 

10 and the complex refractive index of the second optical 
medium and the complex refractive index of the third op- 
tical medium are substantially the same to the light hav- 
ing the second wavelength, the second portion and the 
third portion function as waveguides to the light having 

15 the second wavelength. Thus, this optical demultiplexer 
is capable of directing the light having the first wave- 
length or the second wavelength which has been input- 
ted in the third portion either to the first portion or to the 
second portion depending on wavelength thereof. 

20 [0039] To describe it more specifically, the optical de- 
multiplexer of the present invention has a two-dimen- 
sional or three-dimensional structure which comprises 
at least two types of optical media having different com- 
plex refractive indices and in which spots formed of the 
same type of optical medium are arranged periodically. 
The irregularities in the periodic structure of this struc- 
ture exist as one-dimensionally continuous spots in the 
structure, and the one-dimensionally continuous spots 
function as a waveguide. When at least four types of 

30 optical media are used in this structure and each defined 
as the first optical medium, the second optical medium, 
the third optical medium and the fourth optical medium, 
the frequencies of two lights to be inputted in this optical 
waveguide are each defined as the first frequency and 

35 the second frequency, the complex refractive indices of 
the first to the fourth optical media in the vicinity of the 
first frequency are defined as the first complex refractive 
index, the second complex refractive index, the third 
complex refractive index and the fourth complex refrac- 

40 tive index, and the complex refractive indices of the first 
to the fourth optical media in the vicinity of the second 
frequency are defined as the fifth complex refractive in- 
dex, the sixth complex refractive index, the seventh 
complex refractive index and the eighth complex refrac- 
ts tive index, this structure has a two-dimensional or three- 
dimensional periodic structure formed of the second op- 
tical medium in the first optical medium, a portion of the 
two-dimensional or three-dimensional periodic structure 
formed of the second optical medium is substituted by 

so the one-dimensionalty continuous portion formed of the 
third medium to form the first portion, another portion 
thereof is substituted by the one-dimensionally continu- 
ous portion formed of the fourth medium to form the sec- 
ond portion, one-dimensionally continuous irregularities 

55 in the periodic structure of the second medium are 
formed in still another portion thereof to form the third 
portion, and the first portion and the second portion are 
connected to the third portion. In this case, since the first 



13 



EP 1 089 095 A2 



14 



complex refractive index and the second complex re- 
fractive index are different, the second complex refrac- 
tive index and the third complex refractive index are also 
different, and the second complex refractive index and 
the fourth complex refractive index are about the same 
in the vicinity of the first frequency of light to be inputted 
in this optical element, the third portion and the first por- 
tion function as optical waveguides for the incident light, 
whereas since the fifth complex refractive index and the 
sixth complex refractive index are different, the sixth 
complex refractive index and the eighth complex refrac- 
tive index are also different, and the sixth complex re- 
fractive index and the seventh complex refractive index 
are about the same in the vicinity of the second frequen- 
cy, the third portion and the second portion function as 
optical waveguides for the incident light. Thus, the light 
having the first wavelength or the second wavelength 
which ha been inputted in the third portion heads either 
to the first portion or to the second portion depending 
on wavelength thereof, enabling the waveguide itself to 
function as an optical demultiplexer. 
[0040] In the present invention, it has been paid at- 
tention that the response of the photonic crystal to inci- 
dent tight is determined by the spacial distribution of re- 
fractive index in the frequency (wavelength) of control- 
led light, i.e., incident light (ora certain range of frequen- 
cies when the incident light is not monochromatic light) 
in functioning as an optical element and is not influenced 
by the distribution of refractive index in other wavelength 
range. 

[0041] Particularly, the active optical element accord- 
ing to the present invention uses a plurality of optical 
media whose refractive indices change by an external 
field. When the photonic crystal is formed by using such 
optical media, the refractive indices of two optical media 
out of the plurality of optical media are caused to be the 
same or about the same under a certain external field 
condition. As a result, the periodic distribution of refrac- 
tive index that light senses is the distribution pattern of 
optical media other than the two optical media having 
the same refractive index. 

[0042] Further, the refractive indices of two other op- 
tical media are caused to be the same under other ex- 
ternal field condition, in this case as well, light in the op- 
tical element senses the distribution pattern of optical 
media other than the optical media having the same re- 
fractive index under the external field condition. 
[0043] By reflecting the distribution patterns that light 
senses under these external field conditions on a de- 
sired crystal structure, shape of a lattice point and peri- 
od, two significantly different photonic-band structures 
can be switched from one to the other by switching be- 
tween the external field conditions. 
[0044] The switchable waveguide in the photonic 
crystal according to the present invention, by the same 
principle as described above, operates by switching be- 
tween the portions where the periodicity of refractive in- 
dex is irregular in the crystal structure. 



[0045] Further, the optical demultiplexer according to 
the present invention relies not on the switching of ex- 
ternal field conditions, but on the frequency (wave- 
length) of incident light to cause changes in the refrac- 

5 tive indices of optical media. In other words, the photonic 
crystal and the waveguide are constituted by a combi- 
nation of optical media that can form a photonic crystal 
in which the portions that light senses as the irregulari- 
ties in the periodicity of refractive index vary according 

10 to the frequency of the light, and caused to function as 
the optical demultiplexer. 

[0046] According to the production process and the 
production device of the present invention, since the 
photonic crystal can be produced by repeating the step 

15 of forming every spot where the refractive index chang- 
es that corresponds to the same site in each unit cell at 
a time for the number of sites in a unit cell by shifting 
the optical medium as much as a minute distance by 
taking advantage of the translations! symmetry of the 

20 crystal, they are easy to operate, and a three-dimen- 
sional photonic crystal with multiple periods in the wave- 
length range of light that has been virtually almost im- 
possible to produce with the prior art can be produced 
in the form of a desired crystal structure with high aocu- 

25 racy by the production process and the production de- 
vice of the present invention. 

[0047] Further, according to the production process 
and the production device of the present invention, by 
changing an external field, with regard to the refractive 

30 index of the photonic crystal or the optical waveguide 
formed therein, a combination of optical media having 
the largest refractive index difference change in the fre- 
quency of controlled light to be inputted, or new spots 
having different refractive indices from the existing spots 

35 appear periodically, that is, a new periodic structure is 
formed after the change, or the ratio of the periodic 
peaks of the refractive indices of the media which occur 
in the periodic structure changes, where the response 
of the photonic crystal or the waveguide can be actively 

40 switched. Further, by forming spots that become a por- 
tion of the periodic structure of refractive index depend- 
ing on the wavelength of the controlled light at other lo- 
cations, there can be produced an optical demultiplexer 
in which light heads to different waveguides at a branch 

*5 according to the wavelength thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0048] The present invention will be understood more 
so fully from the detailed description given herebelow and 
from the accompanying drawings of the preferred em- 
bodiments of the invention. However, the drawings are 
not intended to imply limitation of the invention to a spe- 
cific embodiment, but are for explanation and under- 
55 standing only. 

[0049] In the drawings: 

[0050] Fig. 1 is a perspective view showing a spot 
having high light intensity which has been formed on a 
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lattice point constituting a three-dimensional rectangu- 
lar-system structure in accordance with the process of 
the present invention. 

[0051] Fig. 2 is a perspective view showing the device 
used in example 1 of the present invention for producing 
an optical element. 

[0052] Fig. 3 is a perspective view showing the struc- 
ture of the photonic crystal produced in example 1 of the 
present invention. 

[0053] Fig. 4 is a conceptual illustration exemplifying 
the case where the distribution of refractive index has a 
form having bulges in the directions of three different 
axes. 

[0054] Fig. 5 shows the chemical formula of the pho- 
topolymerization initiator used in example 2. 
[0055] Fig. 6 is a perspective view showing the device 
used in example 4 of the present invention for producing 
an optical element. 

[0056] Fig. 7 shows the transmission spectrum of the 
photonic crystal produced in example 4 of the present 
invention. 

[0057] Fig. 8 shows a process for forming a one-di- 
mensional periodic structure of light intensity by the in- 
terference of two progressive waves heading in different 
directions in accordance with the present invention. 
[0058] Fig. 9 is a conceptual illustration showing the 
distribution of refractive index in the photonic crystal. 
[0059] Fig. 10 is a conceptual illustration showing the 
distribution of refractive index in the photonic crystal. 
[0060] Fig. 11 is a conceptual illustration showing the 
distribution of refractive index in the photonic crystal. 
[0061] Fig. 12 shows the switching from a cesium 
chloride-type structure to a body-centered cubic struc- 
ture by switching external field conditions. 
[0062] Fig. 13 shows the switching in an optical 
waveguide. 

[0063] Fig. 14 shows the distribution of refractive in- 
dex in an optical waveguide which is capable of switch- 
ing the direction of incident light according to an external 
field condition. 

[0064] Fig. 1 5 shows the states of switching the trans- 
mitting directions of light in an optical waveguide accord- 
ing to external field conditions. 
[0065] Fig. 16 is a conceptual illustration showing the 
distribution of refractive index in an optical demultiplexer 
according to the optical waveguide in the photonic crys- 
tal. 

[0066] Fig. 17 is a conceptual illustration showing the 
dependencies of the refractive indices of optical media 
on external field conditions. 

[0067] Fig. 18 shows the chemical structure of a ru- 
thenium complex used in an example of the present in- 
vention as a catalyst for photopolyrnerization reaction. 
[0068] Fig. 19 shows the distribution of the ruthenium 
complex in porous silica at some point in the process of 
producing an example of the photonic crystal of the 
present invention. To be seen clearly, each layer is shad- 
owed differently, starting from the most front layer. 



[0069] Fig. 20 shows the structure of an example of 
the photonic crystal of the present invention. Only the 
first layer is shown. 

[0070] Fig. 21 shows the reflection spectrum of the 

5 photonic crystal of Fig. 20. 

[0071 ] Fig. 22 shows the arrangement of dye-contain- 
ing epoxy resins at some point in the process of produc- 
ing an example of the optical waveguide in the photonic 
crystal of the present invention. 

10 [0072] Fig. 23 shows the switching behavior in an ex- 
ample of the optical waveguide in the photonic crystal 
of the present invention. 

[0073] Fig. 24 shows the connection of waveguides 
in an example of the optical waveguide in the photonic 
15 crystal of the present invention. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



20 [0074] The embodiments of the present invention will 
be described with reference to the drawings hereinafter. 
[0075] First, the process of the present invention for 
producing an optical element will be described. 
[0076] In the present invention, there is used an opti- 
25 cal medium whose refractive index changes according 
to the intensity of applied light by irradiation of light only, 
by setting the optical medium aside fora given time after 
the irradiation of light, or by subjecting it to heat treat- 
ment, irradiation of electromagnetic wave (such as light) 
30 or corpuscular radiation (such as electron beam, a- 
beam or neutron beam), or treatment with chemicals af- 
ter the irradiation of light. It is preferable that the change 
in the refractive index of the optical medium be induced 
by the above predetermined treatments after irradiation 
35 of light rather than by the irradiation of light only. 

[0077] The optical medium showing such a change in 
refractive index can also be expressed as follows. That 
is, when the ratio between the maximum refractive index 
value and the minimum refractive index value in the op- 
40 tical medium before irradiation of light is defined as r(1), 
the ratio between the maximum refractive index value 
and the minimum refractive index value in the optical 
medium after the irradiation of light is defined as r(2). 
and the ratio between the maximum refractive index val- 
45 ue and the minimum refractive index value in the optical 
medium after the completion of the treatment for caus- 
ing a change in refraciive index is defined as r(3). the 
optical medium that can be suitably used in the present 
invention preferably satisfies such conditions that lr(3) 
so - r(2)l is larger than lr(2) - r(1 )l and that the time needed 
for the ratio between the maximum refractive index val- 
ue and the minimum refractive index value after the ir- 
radiation of light to exceed the value of lr(3) - r(2)l/2 is 
longer than the time required. for the irradiation of light. 
55 [0078] As a mechanism to cause a change in the re- 
fractive index of the material used in the above optical 
medium, there can be used a mechanism to cause a 
change in the refractive index by the chemical change 
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undergoing the photopolymerization process of a po- 
lymerizable monomer or the polymerization process 
thereof comprising a combination of a photochemical re- 
action and temperature elevation, a mechanism to 
cause a change in the refractive index by population mi- s 
gration caused by irradiating a hole burning substance 
with light, or a mechanism to cause a change in the re- 
fractive index by irradiating a photoisomerizable com- 
pound with light. In addition, there can also be used a 
mechanism to cause a change in the refractive index by 
decomposing or modifying molecules in the light-irradi- 
ated portions of the optical medium by local temperature 
elevation or intense light. 

[0079] More simply, a photopolymerizable monomer 
is impregnated into an inorganic porous material having 
high porosity to cause photopolymerization, only the 
monomer is then washed out and removed to form 
voids, and a change in the refractive index may be 
caused to appear by the residual polymer and the air 
present in the voids of the porous material. Alternatively, 
a material having a high refractive index is filled in the 
voids of the porous material from which the monomer 
has been removed, and a change in the refractive index 
may be caused to appear by the residual polymer and 
the filled material. In this case, there may not be a 
change in refractive index between the monomer before 
the irradiation of light and the polymer produced by the 
irradiation of light. 

[0080] In the process of the present invention, an op- 
tical field where light intensity changes periodically in 
space is provided. Such an optical field can be created 
by using a stationary wave generated by interference 
between a laser beam heading in a certain direction and 
a laser beam heading in the opposite direction by re- 
flecting the laser beam by a mirror, or by using an inter- 
ference pattern in between progressive waves heading 
in at least two directions. 

[0081] A description will be given to the case where 
an optical field in which light intensity is particularly high 
at positions corresponding to the lattice points of a 
three-dimensional cubic lattice is created by using the 
interference of a laser beam. When the above optical 
medium is placed in the field, a spot where a change in 
refractive index in the optical medium occurs can be 
-baked" as a latent image at the position with high light 
intensity which corresponds to the lattice point of a 
three-dimensional cubic lattice. 

[0082] The process of the present invention has paid 
attention to the fact that the lattice points of a three-di- 
mensional cubic lattice have translational symmetry and 
is characterized by repeating the above "baking" more 
than once by shifting the position of the optical medium 
as much as a minute distance which is about the same 
as the wavelength of light for each "baking". 
[0083] That is, by the first "baking" step, each spot 
corresponding to a certain site in a unit cell constituting 
a desired crystal structure to be formed throughout the 
optical medium can be "baked" at a time. Then, the po- 



sition of the optical medium is slightly shifted to match 
the position where light intensity is high in the optical 
medium to another site in the unit cell constituting the 
desired crystal structure, and "baking" is conducted 
again. The step of shifting the optical medium and con- 
ducting "baking" is repeated until every spot corre- 
sponding to every site in the unit cell constituting the 
crystal structure is "baked". Thereafter, the desired pho- 
tonic crystal structure is obtained by allowing changes 
in the refractive indices of the "baked" spots to complete 
by setting the optical medium aside for a given time, or 
by causing the changes in the refractive indices of the 
"baked" spots to appear by predetermined treatments 
such as irradiation of light. The term "site" as used here- 
in indicates the position corresponding to the position of 
each atom in the unit cell. 

[0084] As described above, in the process of the 
present invention, by making the most of the translation- 
al symmetry of the crystal, the step of forming every spot 
where the refractive index changes that corresponds to 
the atom at the same site in each unit cell at a time is 
repeated for "the number of sites in a unit cell". There- 
fore, it is not necessary to repeat the step for "the 
number of periods or atoms" that constitute the crystal, 
as in conventional processes. In addition, in the process 
of the present invention, it is easy to move one "baking" 
site to another "baking" site since it can be accom- 
plished just by slightly shifting the three-dimensional op- 
tical medium. 

[0085] In principle, the same photonic crystal can also 
be produced by driving the whole optical system for cre- 
ating the optical field where light intensity changes pe- 
riodically. However, the photonic crystal can be pro- 
duced more easily and more accurately by the process 
of the present invention than by driving the whole optical 
system because, in the process of the present invention, 
the optical medium is shifted. 

[0086] Next, a description will be given to the produc- 
tion device for the optical element of the present inven- 
tion. The production device for the optical element of the 
present invention comprises an optical system that cre- 
ates an optical field where light intensity changes in 
space at a period of the wavelength order of light, and 
a movable stage that keeps an optical medium whose 
refractive index changes according to the intensity of ap- 
plied light in the optical field where light intensity chang- 
es periodically and that can shift the optical medium for 
a minute distance of the wavelength order of light in the 
optical field. The phrase "wavelength order of light" as 
used herein indicates a wavelength of about 100 nm to 
10 jim in the range from ultraviolet light to infrared light. 
[0087] The optical system that creates the optical field 
where light intensity changes at a period of the "wave- 
length order of light in space will be explained by taking 
the case where the interference of a laser beam is em- 
ployed as an example. 

[0088] Imagining the coordinate axes (x. y, 7) in 
space, laser beams having frequencies of v x . v y and v z 
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are irradiated toward the origin point along with the x, y 
and z axes, respectively. At the other side of each of the 
axes is placed, via the origin point, a mirror for reflecting 
the laser beam, perpendicularly to the axis. For each 
laser beam irradiated along with each axis, incoming 
beam and reflected beam thereof interfere with each 
other to form a standing wave having a period of CJ 
(2v x ). Ca/(2v y ) orC a /(2v 2 ) in space. C a is the light veloc- 
ity in a medium (such as air). Light intensity is high at 
loops of these standing waves, and the point where the 
loops of the three one-dimensional standing waves hav- 
ing periodicity in the respective direction are overlapped 
with one another is said to be a point having particularly 
high light intensity. 

[0089] Thus, as shown in Fig. 1 , a point P having high 
light intensity can be formed on a lattice point of a three- 
dimensional rectangular system (cubic system if v x = v y 
= v z , and tetragonal system if any two of v x , v y and v z 
are equivalent). The values of v x , v y and v z are selected 
according to the size of a unit cell of a photonic crystal 
to be formed. The incoming directions of the three laser 
beams and the orientations of the mirrors for reflecting 
the beams are determined according to the crystal struc- 
ture of a photonic crystal to be formed, and thoy are not 
necessarily perpendicular to each other. 
[0090] "Baking" is conducted on an optical medium in 
such an optical field. In this "baking", it is desirable that 
"baking" occur only on the spots where light intensity is 
high and do not occur on other spots. Therefore , the op- 
tical medium is desirably one on which "baking" occurs 
by the chemical change or the formation of a polymer 
precursor by multi-photon absorption such as two-pho- 
ton absorption, or one on which "baking" occurs by the 
light intensity of a certain threshold. 
[0091] By this "baking", the spacial modulation of re- 
fractive index is defined. As described above, it is desir- 
able that there be a time lag between the exposure for 
"baking" and the actual occurrence of a change in re- 
fractive index. Further, as described above, it is desira- 
ble that a change in refractive index do not appear until 
the predetermined treatment such as heating or irradi- 
ation of light is carried out after the formation of a latent 
image by "baking''. This is because when a change in 
refractive index occurs immediately on a lattice point 
where light intensity is high and reaches to such a de- 
gree that cannot be neglected, there is caused such a 
complicated effect that the light intensity distribution in 
an optical medium is affected and the modulated light 
intensity distribution promotes the change in refractive 
index, thereby making it difficult to produce a desired 
refractive index distribution. On the other hand, when 
the information about the subsequently occurring spa- 
cial modulation of refractive index is simply written on 
an optical medium by "baking" and the actual spacial 
modulation of refractive index is set to occur after the 
"baking", there won't be such a case where preceding 
"baking" affects succeeding "baking". Further, it is de- 
sirable that the "baking" process itself occur not only by 



the effect of an optical field where light intensity period- 
ically changes, but in combination with other factors 
such as gate beam. This is because if "baking" does not 
occur when a laser beam that incurs interference is ir- 
5 radiated on an optical medium, the position of the optical 
medium can be adjusted while the laser beam that gen- 
erates an interference pattern is actually irradiated on 
the optical medium. It is desirable that "baking" be con- 
ducted by, for example, the irradiation of a gate beam 
10 after the position of the optical medium is set. 

[0092] The device of the present invention is 
equipped with a movable stage that keeps an optical 
medium in an optical field where light intensity periodi- 
cally changes and can shift the optical medium for a 
15 minute distance of the wavelength order of light in the 
field. By using this movable stage, the optical medium 
is shifted for a minute distance in the spacially fixed field 
of periodic light intensity to conduct "baking" on each 
site in a unit cell. The minute distance ranges from about 
20 the wavelength of light to about one/tenth thereof (to 1 00 
nm). The optical medium can be shifted with great ac- 
curacy by the piezo element-driven stage. Depending 
on the manner in which the optical medium is shifted by 
the movable stage, the crystal structure of a photonic 
25 crystal to be formed is determined. Further, when a pho- 
tonic crystal having a crystal structure whose lattice 
points have irregular shapes is to be formed, the forma- 
tion of the crystal structure can be controlled by varying 
the intensity of applied light and the time of irradiation, 
30 or by conducting "baking" on a particular site twice or 
three times by shifting the optical medium slightly. 
[0093] When the production device for the optical el- 
ement of the present invention further comprises a light 
source and a detector for evaluating an optical element 
35 formed so as to check the formation of a photonic-band- 
gap, it becomes possible to produce the optical element 
while the performance of the photonic crystal is 
checked. 

[0094] A description will be given to the manner in 
40 which an optical element is moved to form the typical 
crystal structures hereinafter. 

[0095] To form a body centered cubic lattice, a laser 
beam is irradiated toward the origin point along with 
each of the x. y and z axes that are orthogonal to one 

45 another with the relationship among the frequencies of 
the three laser beams being v x = v y = v z , and standing 
waves are formed by the interference between the three 
laser beams and reflected beams thereof from mirrors 
placed, via the origin point, at the other sides of the axes. 

so First, an optical medium is placed at the origin point (0, 
0, 0) to conduct the first "baking". Next, the optical me- 
dium is shifted for a vector of (a/2, a/2, a/2) from the 
origin point to conduct the second "baking", with a = cj 
(nv,) (C v is a light velocity in a vacuum, and n is the 

55 refractive index of the optical element). 

[0096] To form a face-centered cubic lattice, a laser 
beam is irradiated toward the origin point along with 
each of the x. y and z axes that are orthogonal to one 
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another with the relationship among the frequencies of 
the three laser beams being v-j = v 2 = v 3 , and standing 
waves are formed by the interference between the three 
laser beams and reflected beams thereof from mirrors 
placed, via the origin point, at the other sides of the axes. 
First, an optical medium is placed at the origin point (0, 
0, 0) to conduct the first "baking". Next, the optical me- 
dium is shifted for a vector of (a/2, 0, a/2) from the origin 
point to conduct the second "baking". The optical medi- 
um is then shifted for a vector of (0, a/2, a/2) from the 
origin point to conduct the third "baking". The optical me- 
dium is then shifted for a vector of (a/2, a/2, 0) from the 
origin point to conduct the forth "baking". All the above 
baking steps except for the first step are conducted with 

[0097] To form a tetragonal-system body-centered 
lattice, a laser beam is irradiated toward the origin point 
along with each of the x, y and z axes that are orthogonal 
to one another with the relationship among the frequen- 
cies of the three laser beams being * v 2 = v 3 , and 
standing waves are formed by the interference between 
the three laser beams and reflected beams thereof from 
mirrors placed, via the origin point, at the other sides of 
the axes. First, an optical medium is shifted for a vector 
of (a/2, b/2, b/2) from the origin point to conduct the sec- 
ond "baking", with a = (^/(nv^ and b = Cy/(nv 2 ). 
[0098] To form a rectangular-system base-centered 
lattice, a laser beam is irradiated toward the origin point 
along with each of the x, y and z axes that are orthogonal 
to one another with the relationship among the frequen- 
cies of the three laser beams being v., * v 2 . v 2 * v 3 and 
v i * v 3- anc * standing waves are formed by the interfer- 
ence between the three laser beams and reflected 
beams thereof from mirrors placed, via the origin point, 
at the other sides of the axes. First, an optical medium 
is placed at the origin point (0, 0, 0) to conduct the first 
"baking". Next, the optical medium is shifted for a vector 
of (a/2, b/2, 0) from the origin point to conduct the sec- 
ond "baking", with a = (^/(nv^ and b = Cy/(nv 2 ). 
[0099] To form a rectangular-system face-centered 
lattice, a laser beam is irradiated toward the origin point 
along with each of the x, y and z axes that are orthogonal 
to one another with the relationship among the frequen- 
cies of the three laser beams being v n * v 2 , v 2 * v 3 and 
v i *. v 3. anci standing waves are formed by the interfer- 
ence between the three laser beams and reflected 
beams thereof from mirrors placed, via the origin point, 
at the other sides of the axes. First, an optical medium 
is placed at the origin point (0, 0, 0) to conduct the first 
"baking". Next, the optical medium is shifted for a vector 
of (a/2, 0, c/2) from the origin point to conduct the sec- 
ond "baking". The optical medium is then shifted for a 
vector of (0, b/2, c/2) from the origin point to conduct the 
third "baking". The optical medium is then shifted for a 
vector of (a/2, b/2, c/2) from the origin point to conduct 
the forth "baking". All the above baking steps except for 
the first step are conducted with a = c^fnv,), b = c^nvg) 
and c = cy(nv 3 ). 



[0100] To form a rectangular-system body-centered 
lattice, a laser beam is irradiated toward the origin point 
along with each of the x, y and z axes that are orthogonal 
to one another with the relationship among the frequen- 

5 cies of the three laser beams being v., * v 2 , v 2 * v 3 and 
v 1 * v 3 , and standing waves are formed by the interfer- 
ence between the three laser beams and reflected 
beams thereof from mirrors placed, via the origin point, 
at the other sides of the axes. First, an optical medium 

10 is placed at the origin point (0, 0, 0) to conduct the first 
"baking". Next, the optical medium is shifted for a vector 
of (a/2, b/2. c/2) from the origin point to conduct the sec- 
ond "baking", with a = c^nv^, b = cj(r\\> 2 ) and c = cy 
(nv 3 ). 

is [0101] To form a hexagonal system, a beam having a 
frequency of v 1 is irradiated along with the vector (3 1/2 a/ 
2, -a/2, 0), a beam having a frequency of v 2 is irradiated 
along with the y axis and a beam having a frequency of 
v 3 is irradiated along with the z axis, toward the origin 

20 point, with the relationship among the frequencies of the 
three laser beams being = v 2 * v 3 , and standing 
waves are formed by the interference between these la- 
ser beams and beams thereof reflected vertically on mir- 
rors placed, via the origin point, at the other sides of the 

25 vector and the axes, in this state, an optical medium is 
placed at the origin point (0, 0, 0) to conduct "baking" 
with a = cj(rw^). 

[01 02] To form a trigonal system, a laser beam is irra- 
diated along with each of three vectors that are spread 
30 at the same angles from one another toward the origin 
point with the relationship among the frequencies of the 
three laser beams being v n = v 2 = v 3 , and standing 
waves are formed by the interference between these la- 
ser beams and beams thereof reflected vertically on mir- 
35 rors placed, via the origin point, at the other sides of the 
vectors. In this state, an optical medium is placed at the 
origin point (0, 0. 0) to conduct "baking". 
[0103] To form a monoclinic-system base-centered 
lattice, a beam having a frequency of v 2 is irradiated 
40 along with the y axis, a beam having a frequency of v 3 
is irradiated along with the z axis and a beam having a 
frequency of v n is irradiated along with the vector (a, 0. 
0) (a * 0, [J * 0). toward the origin point, with the rela- 
tionship among the frequencies of the three laser beams 
45 being v n * v 2 , v 2 * v 3 and v., * v 3 , and standing waves 
are formed by the interference between these laser 
beams and beams thereof reflected vertically on mirrors 
placed, via the origin point, at the other sides of the axes 
and the vector. First, an optical medium is placed at the 
so origin point (0, 0, 0) to conduct the first "baking". Next, 
the optical medium is shifted for a vector of (a/2, b/2, 0) 
from the origin point to conduct the second "baking", 
with a = (a 2 + P 2 ) 1/2 c v /(Pnv 1 ) and b = c v /(nv 2 ).' 
[0104] To form a diamond structure, a laser beam is 
directed toward the origin point along with each of the 
x, y and z axes that are orthogonal to one another with 
the relationship among the frequencies of the three laser 
beams being v 1 = v 2 = v 3 , and standing waves are 
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formed by the interference between the three laser 
beams and reflected beams thereof from mirrors placed, 
via the origin point, at the other sides of the axes. First, 
an optical medium is placed at the origin point (0, 0. 0) 
to conduct the first "baking". Next, the optical medium 
is shifted for a vectorof ( a/2, 0, a/2) from the origin point 
to conduct the second "baking". The optical medium is 
then shifted for a vector of (0, a/2, a/2) from the origin 
point to conduct the third "baking". The optical medium 
is then shifted for a vector of (a/2, a/2, 0) from the origin 
point to conduct the forth "baking". The optical medium 
is then shifted for a vector of (a/4, 3a/4, a/4) from the 
origin point to conduct the fifth "baking". The optical me- 
dium is then shifted for a vector of (3a/4, a/4, a/4) from 
the origin point to conduct the sixth "baking". The optical 
medium is then shifted for a vector of (3a/4, 3a/4, 3a/4) 
from the origin point to conduct the seventh "baking". 
The optical medium is then shifted for a vector of (a/4, 
a/4, 3a/4) from the origin point lo conduct the eighth 
"baking". All the above baking steps except for the first 
step are conducted with a = cJ(nv A ). 
[01 05] When the above step of shifting an optical me- 
dium and conducting "baking" is repeated to obtain the 
above crystal structures, a beam can be equally directed 
onto all sites. Meanwhile, crystal structures different 
from the above crystal structures can also be obtained 
by changing the manner in which the refractive index 
changes by altering the intensity of the beam or the 
amount of the irradiated beam. For example, by setting 
different conditions for the first to the forth beam irradi- 
ation and for the fifth to the eighth beam irradiation in 
forming the diamond structure, the sizes of the sites pro- 
duced by a series of bakings and undergone changes 
in refractive indices and the degree of the changes in 
refractive indices are different depending on the above 
two different conditions, whereby a zincblende structure 
can be formed. 

[0106] Although a description has been so far given 
to the case where a photonic crystal having a three-di- 
mensional periodic structure is formed, the present in- 
vention can also be applied similarly to the case where 
a photonic crystal having a two-dimensional or one-di- 
mensional periodic structure is formed, as a matter of 
course. 

[0107] Examples of the production process and pro- 
duction device for the optical element of the present in- 
vention will be described with reference to the drawings 
hereinafter. 

(example 1) 

[0108] A description will bo given to the example 
where a photonic crystal having a body-centered cubic 
structure was formed by using the device shown in Fig. 
2. The photonic crystal formed in the present example 
comprises cured epoxy resins, which are arranged so 
as to be the lattice points of a body-centered cubic struc- 
ture, in porous silica used as a skeleton and has a re- 
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fractive index periodic structure formed by the cured 
epoxy resins and the air present in the voids of the po- 
rous silica. 

[0109] The porous silica used as the skeleton of the 
5 photonic crystal was formed by a sol-gel process. This 
porous silica has a size of 1 mm x 1 mm x 1 mm, a po- 
rosity of not less than 90%, an average void diameter of 
30 nm and a refractive index of 1 .015 to 1 .055 which is 
close that of air. Further, a resin solution was formed by 
io adding 1% of 4-morpholino-2,5-dibutyroxybenzenedia- 
zoniumfluoroborate as a photoacid generator to Cerox- 
ide 2021 (product of Diecel Chemical Co., Ltd.) as an 
epoxy resin. The porous silica was immersed in the resin 
solution to impregnate the porous silica with the resin 
15 solution. From the viewpoint of the wavelength of light, 
such porous silica having minute voids at high density 
and a very high porosity of not less than 90% is equiv- 
alent to a body consisting of the resin solution only. 
[0110] Rg. 2 shows porous silica 1 placed on the sam- 
20 p(e holder Ha of a piezo element-driven stage 11 . This 
stage is movable in the directions of x. y and z for a dis- 
tance as small as the wavelength of light. Three adja- 
cent mirrors 12x, I2yand 12z are placed in such a man- 
ner that each of the mirrors is opposed to one of three 
25 adjacent surfaces of the porous silica 1 . 

[0111] The irradiation of the porous silica 1 with a 
beam is carried out in the following manner. A laser 
beam having a wavelength of 810 nm is generated by 
using an argon laser-excited titanium sapphire laser as 
30 a light source 13. The laser beam passes through a 
beam splitter 1 4a and is reflected by a mirror 1 5x to head 
in the direction of x. Then, the incident beam heading in 
the direction of x to the porous silica 1 and reflected 
beam thereof from a mirror 1 2x interfere with each other 
35 to form a standing wave at the location of the porous 
silica 1 . The laser beam reflected by the beam splitter 
14a is reflected by a mirror I5y and passes through a 
beam splitter 1 4b to head in the direction of y. Then, the 
incident beam heading in the direction of y to the porous 
40 silica 1 and reflected beam thereof from a mirror I2y 
interfere with each other to form a standing wave at the 
location of the porous silica 1 . The laser beam reflected 
by the beam splitter 14b is reflected by a mirror 15yz 
and a mirror 15z to head in the direction of z. Then, the 
45 incident beam heading in the direction of z to the porous 
silica 1 and reflected beam thereof from a mirror 1 2z 
interfere with each other to form a standing wave at the 
location of the porous silica 1 . 

[0112] First, the porous silica 1 was placed at the or- 
so jgin point in the space created by the above standing 
waves, and the first beam irradiation was conducted as 
described above. Then, the porous silica 1 was shifted 
in the direction of the vector (135 nm, 135 nm, 135 nm), 
that is, shifted 135 nm from the origin point in each of 
55 the x, y and z directions, and the second beam irradia- 
tion was conducted on the porous silica 1 at the location 
under the same irradiation condition as used for the first 
irradiation. 
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[0113] This porous silica 1 was heated for 5 hours 
while maintained at 60°C to cure the epoxy resin spots 
where three-dimensional "baking - was conducted. 
Thus, the cured epoxy resin spots were held at the lat- 
tice points of a body-centered cubic lattice having a lat- 
tice constant of 270 nm in the porous silica 1 . Thereafter, 
the porous silica was washed with acetone and metha- 
nol to wash out the uncured resin and the acid generator 
[0114] Thus, as shown in Fig. 3, there was formed a 
photonic crystal in which cured epoxy resins 2 were ar- 
ranged in the form of a body -centered cubic structure in 
the porous silica 1 . 

[0115] . Further, when the shape of this cured epoxy 
resin 2 was examined, it had a shape having bulges in 
the directions of the three different axes, as exemplified 
in Fig. 4. This shape directly corresponds to the distri- 
bution of refractive index. In other words, the distribution 
of refractive index is not isotropic but has a shape with 
low symmetry. As a result, even in the case of a crystal 
structure in which an optical bandgap does not appear 
even when the distribution of refractive index is isotropic 
as in a global shape, a bandgap appears in the crystal 
structure if it has such distribution of refractive index as 
shown in Fig. 4. In addition, as compared with the case 
where the distribution of refractive index is isotropic, 
when the distribution of refractive index is anisotropic as 
shown in Fig. 4, there can be obtained the effect that the 
optical bad gap further increases in size. 

(example 2) 

[0116] A description will be given to the example 
where a photonic crystal having a diamond structure 
was formed by using the device shown in Fig. 2. The 
photonic crystal formed in the present example compris- 
es acryl resins arranged so as to be the lattice points of 
a diamond structure in porous silica. 
[0117] Porous silica having the same standard and 
size as that used in example 1 was used. Further, there 
was prepared a photopolymerizable photosensitive res- 
in solution comprising a multifunctional acrylate mono- 
mer having superfine gold particles dispersed therein 
(SartomerSR9008) as a main component, a polymeric 
binder containing about 10% of a styrene-acrylonitrile 
(75:25) copolymer, and about 0.1% of a photopolymer- 
ization initiator (having a chemical structure shown in 
Fig. 5). The porous silica was immersed in this resin so- 
lution to impregnate the porous silica with the resin so- 
lution. 

[01 18] In the device similar to that shown in Fig. 2, the 
porous silica 1 was placed at the origin point on the sam- 
ple holder 11 a of the stage 11. By using a beam having 
a wavelength of 1 ,548 nm from a parametric oscillator 
pumped by a laser beam having a wavelength of 775 
nm which had been generated by an argon ion laser- 
excited titanium sapphire laser as the light source 13, a 
standing wave was formed in each of the x, y and i di- 
rections to create a spot with high light intensity com- 



prising a three-dimensional cubic lattice in the porous 
silica. Two-photon absorption was conducted with a 
photoacid initiator at the lattice points of the three-di- 
mensional cubic lattice to polymerize monomers at the 
5 positions. Next, the porous silica was shifted for a vector 
of (258 nm, 0 nm, 258 nm) from the origin point and, 
again, monomers were polymerized at the lattice points 
of the three-dimensional cubic lattice by the irradiation 
of a laser beam. Then, the polymerization step compris- 
io ing shifting the porous silica and irradiating the shifted 
porous silica with a laser beam was conducted succes- 
sively by shifting the porous silica for vectors of (0. 258 
nm, 258 nm), (258 nm, 258 nm, 0), (129 nm, 388 nm, 
129 nm), (388 nm, 129 nm, 129 nm), (388 nm, 388 nm, 
is 388 nm) and (129 nm, 129 nm, 388 nm) from the origin 
point, whereby acrylate polymers were arranged and 
maintained in the form of a diamond structure in the po- 
rous silica. Thereafter, the porous silica was washed 
with acetone to remove the monomer. Thus, a photonic 
crystal having a diamond structure was obtained. 
[0119] In the present example, the refractive index 
hardly changes at the time of producing a polymer by 
polymerizing a monomer by photopolymerization (The 
refractive indices of the monomer and the polymer are 
about 1.41 and 1.49, respectively). That is, the polym- 
erization step corresponds to "baking". Thereafter, the 
spacial modulation of refractive index appears by the 
step of removing the monomer, and a photonic crystal 
is obtained. 

[0120] To minimize the influence of the preceding 
M baking(s)° on a change in refractive index when "bak- 
ing" is conducted by shifting the position of the porous 
silica, it is preferable to conduct the polymerization not 
only by two-photon absorption using the beam intensi- 
fied at the lattice point by interference, but in combina- 
tion with the subsequent irradiation of a beam having 
the second wavelength, use of a monomer which starts 
to be polymerized by an increase in temperature, or use 
of a mixture of the monomer and a sensitizer, a sensi- 
tizer precursor, a radical generator or the like. 

(example 3) 

[0121] A description will be given to the example 
where a photonic crystal having a face-centered cubic 
structure or a crystal structure similar to that was formed 
by using the device shown in Fig. 2. 
[01 22] Porous silica impregnated with the same pho- 
tosensitive resin solution as used in example 2 was pre- 
pared. As in the case of example 2, the porous silica 1 
was placed at the origin point on the sample holder lla 
of the stage 11 . By using a beam having a wavelength 
of 1 ,548 nm from a parametric oscillator pumped by a 
laser beam having a wavejength of 775 nm which had 
been generated by an argon ion laser-excited titanium 
sapphire laser as the light source 13, a standing wave 
was formed in each of the x, y and r directions to create 
a spot with high light intensity comprising a three-dimen- 
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sional cubic lattice in the porous silica. Two-photon ab- 
sorption was conducted with a photoacid initiator on the 
lattice points of the three-dimensional cubic lattice to po- 
lymerize monomers at the positions. Then, the porous 
silica was shifted for a vector of (258 nm, 0 nm. 258 nm) 
from the origin point and, again, monomers were polym- 
erized at the lattice points of the three-dimensional cubic 
lattice by the irradiation of a laser beam. Then, the po- 
lymerization step comprising shifting the porous silica 
and irradiating the shifted porous silica with a beam was 
conducted successively by shifting the porous silica for 
vectors of (0, 258 nm, 258 nm) and (258 nm, 258 nm. 
0) from the origin point, whereby acrylate polymers were 
arranged and maintained in the form of a face-centered 
cubic structure in the porous silica. Thereafter, the po- 
rous silica was washed with acetone to remove the mon- 
omer. Thus, a photonic crystal (example 3A) having a 
face-centered cubic structure was obtained. 
[0123] Meanwhile, another porous silica impregnated 
with the same photosensitive resin solution as the above 
was prepared. Then, "baking" was conducted on the lat- 
tice points of the face-centered cubic structure in the 
same manner as described above, whereby acrylate 
polymers were arranged and maintained in the form of 
a face-centered cubic structure in the porous silica. 
Then, the following four steps were additionally conduct- 
ed on this porous silica. That is, the polymerization step 
comprising shifting the porous silica and irradiating the 
shifted porous silica with a beam was conducted suc- 
cessively by shifting the porous silica for vectors of (22 
nm. 22 nm, 0 nm), (280 nm, 22 nm, 250 nm), (22 nm, 
280 nm. 258 nm), (280 nm, 280 nm, 0 nm) from the origin 
point, thereby causing acrylate polymers to be held in 
the porous silica, incidentally, the laser beam irradiated 
in conducting these additional steps was made less in- 
tensive than that used in the formation of the face-cen- 
tered cubic structure. Thereafter, the porous silica was 
washed with acetone to remove the monomer. Thus, a 
photonic crystal (example 3B) having a three-dimen- 
sional periodic structure of refractive index was ob- 
tained. 

[0124] The photonic crystal of example 3B has a 
structure in which a "snowman-shaped" polymer spot 
comprising a small polymer sphere adjacent to a large 
polymer sphere is formed at the lattice point of the face- 
centered cubic structure. 

[0125] In example 3B, the small polymer sphere pro- 
duced by the above additional steps conducted in addi- 
tion to the steps for forming the face-centered cubic 
structure was closely examined. As a result, it has been 
found that the shape of the polymer sphere formed by 
single irradiation of a laser beam and corresponding to 
the lattice point of a simple cubic lattice having a lattice 
constant of 270 nm is not exactly spherical, but the pol- 
ymer spheres belonging to the same group are exactly 
the same in size and shape. 

[0126] Thus, in the process of the present invention, 
the shapes of the spots (lattice points) with particularly 



high light intensity which have been generated in space 
by interference pattern are the same even if the shapes 
are not spherical. This is true even in the case where 
lattice points having irregular shapes are formed due to 
5 an unintended cause, and lattice points having exactly 
the same shape are formed. 

[0127] incidentally, the photonic crystal of example 3B 
has low symmetry than the photonic crystal of example 
3A having a face-centered cubic lattice because it corn- 
i o prises large polymer spheres formed at the lattice points 
of the face-centered cubic lattice and small polymer 
sohcrcs formed at the positions slightly sifted from those 
of the large polymer spheres. Therefore, in the photonic 
cys:ai of example 3B. a bandgap occurred in the direc- 
ts ton n whicn no bandgap occurred in the photonic crys- 
tal ot example 3A 

(example 4) 

20 [0128] Rg 6 shows another optical element-produc- 
ing device associated with the present invention. The 
device shown in Fig 6 comprises the second light 
source 16 for irraaiaiing a beam having the second 
wavelength, a light source and spectroscope 21 for 

25 measuring the transmission spectrum of the optical me- 
dium placed on the stage, and a photodetector 23, in 
addition to the device configuration shown in Fig. 2. 
[01 29] The optical medium to be processed by this de- 
vice goes through a change in refractive index not only 

30 by the "baking" based on the interference pattern of 
light, but by the irradiation of a beam having the second 
wavelength from the second light source 16. 
[0130] Using this device, after the baking correspond- 
ing to a desired crystal structure was conducted in the 

35 same manners as in examples 1 to 3, a beam having 
the second wavelength from the second light source 16 
was caused to be reflected by a mirror 1 7 and irradiated 
to the optical medium impregnated in the porous silica 
1 to cause a change in refractive index, thereby forming 

40 a photonic crystal. Thereafter, the optical medium was 
irradiated with a beam from the light source and spec- 
troscope 21 for measuring the transmission spectrum 
via an optical fiber 22 having a condenser lens at the 
tip, the wavelength thereof was swept by the spectro- 

45 scope included in the unit 21 , and the transmitted beam 
was detected by the photodetector 23 and measured by 
the transmission spectrum of the photonic crystal, which 
is shown in Fig. 7. 

[0131] As shown in Fig. 7, it was observed that a pho- 
so tonic-bandgap was formed in the produced photonic 
crystal in the vicinity of the wavelength of 1,000 nm. 
Thus, the device shown in Fig. 6 is capable of producing 
a photonic crystal while evaluating performance thereof. 
[0132] The formation of a three-dimensional crystal 
55 structure using the devices shown in Fig. 2 or 6 has been 
described in the above examples. Alternatively, as 
shown in Fig. 8. the interference between progressive 
waves heading in different directions may be used to 
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produce an optical field where light intensity periodically 
changes. As shown in Fig. 8, when two laser beams hav- 
ing a frequency of v are caused to intersect at an angle 
of 0. the area with high light intensity (indicated by bro- 
ken lines in Fig. 8) where the two beams intersect takes 
a one-dimensional periodic structure having a period of 
Co/{2vsin(e/2)}. When laser beams heading in three dif- 
ferent directions are used, a two-dimensional hexagonal 
system can be obtained. 

[0133] Up to this point, the production process and 
production device for the optical element of the present 
invention have been described with reference to exam- 
ples 1 to 4. 

[0134] Next, a description will be given to an optical 
element and an optical demultiplexer to which a phot- 
onic crystal that can be obtained not only by the above 
process and device but also by other processes and de- 
vices have been applied. 

[0135] A photonic crystal is a mediumwhose refrac- 
tive index shows a periodic change in space at the wave- 
length order of light, and exhibits unique optical proper- 
ties. This is because light senses the periodicity of re- 
fractive index in such a structure and shows a band 
structure. As in the case of the bandgap in electronic 
energy in a semiconductor, there can be formed a pho- 
tonic-bandgap, which is a frequency band that blocks 
the transmission of light, in a photonic-band structure. 
By the photonic-band structure and the photonic-band- 
gap, high degrees of wavelength dispersibility and ani- 
sotropy and a waveguide with a sharp bending angle 
that can be packed in confined space can be realized. 
[0136] This band structure is determined by the spa- 
cial distribution of refractive index. Particularly, the band 
structure in the wavelength range (frequency band) of 
incident light, which determines the response of the pho- 
tonic crystal to incident light, is determined by the re- 
fractive index distribution in the wavelength range of the 
incident light. 

[0137] In the present invention, at least two types of 
optical media are used to form a photonic crystal. Each 
of the optical media is arranged periodically. The phrase 
"optical medium" used herein indicates a concept in- 
cluding air in the case of a dielectric three-dimensional 
periodic structure constructed in a vacuum or in the air, 
space such as vacuum space, gas, a liquid an the like. 
Further, in the following description, when the external 
field condition is A, the refractive index of the ith optical 
medium to light having a frequency of v will be ex- 
pressed as nj(v, A). The phrase "external field condition" 
means conditions of an electric field, magnetic field and 
pressure to be applied to the photonic crystal, conditions 
of the intensity, wavelength, direction of polarization and 
the like of light to be irradiated to the photonic crystal, 
or the temperature of the photonic crystal. 
[01 38] First, in the external field condition A, , the case 
where the refractive indices of N types of optical media 
constituting the photonic crystal are different from one 
another is considered. 
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[0139] Fig. 9 is a conceptual illustration exemplifying 
the case where the refractive indices of three different 
types of optical media are all different. That is, Fig. 9 
shows a structure comprising the first optical medium 1 
5 in which the second optical medium 2 and the third op- 
tical medium 3 are arranged periodically. Further, the re- 
fractive indices of the first to the third, that is, the first, 
the second and the third optical media are different from 
one another. This condition can be expressed by the fol- 
io lowing expression: 

n|(v 1; AJ^n^v,, A^fl^j) 

*5 wherein h ; indicates the refractive index of the jth optical 
medium. In this case, the band structure in the vicinity 
of the frequency v 1 of incident light is determined by both 
the periodic structure of refractive indices determined 
by the spacial distributions of (N-1) types of optical me- 

20 dia and the refractive indices of all the N types of optical 
media. Fig. 9 corresponds to the case where N = 3. 
[0140] Next, the external field condition is switched to 
A2, and the refractive indices of two out of N types of 
optical media are made equal. 

25 [0141] Fig. 10 is a conceptual illustration exemplifying 
this condition. For example, when the kth and the 1th 
optical media (k < 1 ) are chosen as the two types of op- 
tical media having the same refractive index, this con- 
dition can be expressed by the following expression. 

30 

n k (v,, A 2 ) = n 1 (v 1 , A 2 ) 

[0142] This indicates that the refractive indices of the 

35 kth and the Ith optical media in the frequency v n of inci- 
dent light has become equal by switching the external 
field condition to A 2 . In this condition, the band structure 
is determined by the spacial distributions of the 1th to 
the (k-l)th optical media, a combination of the kth and 

40 the Ith optical media, the (k+l)th to the (1-1 )th optical me- 
dia and the (l+i)th to the Nth optical media and the re- 
fractive indices of these optical media. However, since 
the determination of the spacial distributions of (N-1) 
types of optical media subsequently determines the 

45 spacial distribution of the remaining one type of optical 
medium, in the end, the band structure is determined by 
the spacial distributions of (N-2) out of (N-1) types of 
optical media (the kth and the Ith optical media together 
are counted as one type of optical medium) having (N- 

50 1 ) different refractive indices in the frequency v 1 and the 
values of the refractive indices of (N-1) types of optical 
media. Fig. 10 shows the case where N = 3, 
[0143] Next, as exemplified in Fig. 11, a pair of optical 
media other than the kth and the Ith optical media, i.e., 

55 the mth and the nth optical media (m < n). is caused to 
have the same refractive index in the frequency v., by 
switching the external field condition to A 3 . In other 
words, the following expression is satisfied. 
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n m( v v A 3 ) = n n (v 1 .A 3 ) 

The mth optical medium and the nth optical medium are 
in contact with each other. In this condition, the band 
structure is determined by the spacial distributions of the 
Ith to the (m-l)th optical media, a combination of the mth 
and the nth optical media, the (m-M)th to the (n-T)th op- 
tical media and the (n4-l)th to the Nth optical media and 
the refractive indices of these optical media, as exem- 
plified in Fig. 11 . 

[0144] As shown in Figs. 9 to 11 , the spacial arrange- 
ment patterns of refractive index distributions that de- 
termine the band structure can be switched by switching 
the external field condition among A 1f A 2 and A 3 , that 
is, between A., and A 2 , between A2 and A 3 , or between 
At and A 3 . As a result, a larger change can be induced 
in the band structure of the photonic crystal to incident 
light as compared with the case where only the values 
of refractive indices are changed. 
[01 45] Although it has been assumed in the above de- 
scription that the optical media whose refractive indices 
have been made equal under the conditions A2 and A 3 
are in contact with each other, the spacial distribution 
patterns can be changed even when they are not in con- 
tact with each other. This is exemplified by the following 
description. 

[0146] Fig. 12 shows a photonic crystal comprising 
the first, the second and the third optical media and is a 
conceptual illustration exemplifying the case where the 
external field condition is switched from A 1 to A^ In this 
case, in the first optical medium 1 , the second optical 
medium 2 and the third optical medium 3 each form a 
simple cubic lattice whose period is constant and lattice 
points have the same shape. When the fundamental pe- 
riod vectors of the second and the third optical media 
are expressed by a, b and c. the lattice points of the 
second optical medium are deviated from those of the 
third optical medium for a vector of (a/2, b/2, c/2). When 
such an optical material is placed under the condition 
A v the second optical medium and the third optical me- 
dium have different refractive indices. As a result, the 
crystal structure takes the form of a "cesium chloride- 
type structure" as shown in Fig. 12(a). 
[0147] Next, when the external field condition is 
changed to A 2 . the second optical medium and the third 
optical medium appear to be no different for incident 
light, and the crystal structure becomes equal to a 
"body-centered cubic lattice structure" as shown in Fig. 
12(b). Thus, by switching between the condition and 
the condition A 2 , the crystal structure of the photonic 
crystal to incident light changes. 
[0148] Next, with reference to Fig. 13, a structure 
comprising at least three types of optical media as con- 
stituents is considered. The three types of optical media 
are defined as the first optical medium 1 , the second 
optical medium 2 and the third optical medium 3, and 
the refractive indices thereof to the frequency v n of con- 



trolled light satisfy the following relationships. 
Mv,. A,) *n 2 (v v A,) 

5 

n 2 (v v A 1 )^n 3 (v 1 ,A 1 ) 

[0149] In the first medium, a three-dimensional peri- 

10 odic structure is formed by the second medium. In that 
case, it is desirable that the photonic crystal formed by 
the periodic structure open a bandgap to a wide range 
of directions in the frequency v., of incident light, and it 
is particularly desirable to form a diamond structure that 

15 opens the bandgap in all directions. 

[0150] When some of the second media constituting 
this periodic structure are substituted with one-dimen- 
sionally continuous third optical media as shown in Fig. 
13(a), light is trapped in the one-dimensionally continu- 

20 ous spots causing irregularity in the periodicity of the 
photonic crystal, the light cannot be transmitted in any 
direction but the direction in which the spots are contin- 
uously arranged and, in the end, the spots substituted 
with the third material function as an optical waveguide. 

25 [0151] Next, the external field condition is switched to 
A 2 . Under this condition, the refractive indices of the op- 
tical media satisfy the relationships represented by the 
following expressions. 

n 2 (v v A 2 )=n 3 (v 1f A 2 ) 

35 

[0152] In this case, the second optical medium and 
the third optical medium appear to be the same to light 
having a frequency of v v and the irregularity in the pe- 
riodicity of the photonic crystal disappears. In other 
40 words, the optical waveguide disappears as shown in 
Fig. 13(b). Thus, by switching between the condition A 1 
and the condition A 2 , the function of the waveguide can 
be made ON/OFF. 

[0153] Next, with reference to Fig. 14, a structure 
45 comprising at least four types of optical media as con- 
stituents is considered. The four types of optical media 
are defined as the first optical medium 1 , the second 
optical medium 2, the third optical medium 3 and the 
fourth optical medium 4, and the refractive indices there- 
50 of to controlled light having a frequency of v 1 under the 
condition A 7 arc expressed as n^v^ A,); n 2 (v v A-,), n 3 
(v v and n 4 (v v A.,), respectively. Further, these re- 
fractive indices satisfy the relationships represented by 
the following expressions. 

55 

n 1 (v 1 ,A l )^n 2 (v 1 .A 1 ) 
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n 2 (v 1? A 1 ) 9 tn 3 (v 1 , A,) 

n 2 (v 1 ,A 1 )^n 4 (v 11 

[0154] At this point, as exemplified in Fig. 14, it is as- 
sumed that a three-dimensional periodic structure is 
formed in the first medium by the second medium. In 
this case as well, it is desirable that the photonic crystal 
formed by the periodic structure open a bandgap to a 
wide range of directions in the frequency of incident 
light, and it is particularly desirable to form a diamond 
structure that opens a bandgap in all directions. When 
some of the second media having this periodic structure 
are substituted with one-dimensionally continuous third 
optical media as exemplified in Fig. 14, the one-dimen- 
sionally continuous spots causing irregularity in the pe- 
riodicity of the photonic crystal function as a waveguide, 
as in the case described with reference to Fig. 13. That 
is, light attempting to transmit in directions other than 
the direction in which the third media are continuously 
arranged is trapped therein to function as an optical 
waveguide. This waveguide will be called "the first 
waveguide G1". 

[01 55] Further, when other spots of the second optical 
media are substituted with one-dimensionally continu- 
ous fourth optical media as exemplified in Fig. 14, the 
spots also function as a waveguide. This waveguide will 
be called "the second waveguide G2". 
[0156] Further when one-dimensionally continuous 
spots causing irregularity in the periodicity of the phot- 
onic crystal are formed at still other spots as exemplified 
in Fig. 14, the spots also function as a waveguide. These 
spots will be called "the third waveguide G3". These 
three waveguides are joined together to form a 
waveguide having a branch. 

[0157] Fig. 15 is a conceptual illustration showing the 
behavior of the thus-formed optical element. 
[0158] First, as shown in the Fig. 15(a), all of the first, 
the second and the third waveguides function as a 
waveguide to incident light under the external field con- 
dition A v Therefore, light inputted from the left end of 
the third waveguide G3 is branched into the first 
waveguide G1 and the second waveguide G2. 
[0159] Next, the condition of the optical element is 
switched to one shown in Fig. 1 5(b). That is, the external 
field condition is switched to the external field condi- 
tion A 2 in which the refractive indices satisfy the rela- 
tionships represented by the following expressions. 

ni(v 1t A 2 )^ 2 (v 1( A 2 ) 



n 2 (v v A 2 ) = n 4 (v v A 2 ) 

[0160] in this case, since n 2 (v 1( A 2 ) = n 4 (v v Aa), the 
5 soots which have functioned as the second waveguide 
G2 arc no longer the spots having irregular periodicity 
and no longer function as a waveguide. In other words, 
under the external field condition A 2 , light transmitted 
through the third waveguide G3 heads into the first 
jo waveguide G1 , while it does not head into the second 
waveguide G2. 

[0161] Next, the condition of the optical element is 
switched to one shown in Fig. 1 5(c). That is, the external 
field conditior A^ is switched to the external field condi- 
15 ton A 3 m wn ch the refractive indices satisfy the rela- 
tionships represented by the following expressions. 

n t (v v A" 3 ) * n 2 (v 1( A 3 ) 

20 

n 2 (v 1t A 3 )= n 3 (v v A 3 ) 

2S n 2< v 1- A 3> * n 4( v v A a) 

[0162] In this case, since n 2 (v v A 3 ) = n 3 (v 1( A 3 ), the 
spots which have been the first waveguide G1 no longer 
function as a waveguide. In other words, under the ex- 
30 ternal field condition A 3 . light transmitted through the 
third waveguide G3 does not head into the first 
waveguide G1. while it heads into the second 
waveguide G2. 

[01 63] As described above, by switching the condition 
35 among A v and A 3 , the branching of light transmitting 
through the optical waveguide can be switched. 
[0164] Next, with reference to Fig. 16, a description 
will be given to the operation principle of an optical de- 
multiplexer in which the branch placed in the waveguide 
40 behaves differently according to the wavelength of inci- 
dent Nght. 

[01 65] As in the case of the waveguide exemplified in 
Fig. 14, a structure comprising at least four types of op- 
tical media as constituents is considered, and the four 

45 types of optical media are defined as the first, the sec- 
ond, the third and the fourth optical media. Further, the 
refractive indices of these optical media in the frequen- 
cies and v 2 of incident lights under the external field 
condition A 1 are expressed as n^v^ A^, n 2 (v v A n ), n 3 

50 (v t . At). n 4 (v v A,) and n^vj,, A^, n 2 (v 2 , A t ), n 3 (v 2 . A,), 
n 4 (v 2 , A,), respectively. 

[0166] Further, these refractive indices satisfy the re- 
lationships represented by the following expressions. 



M V V A 2)* n 3< V 1' A 2> 
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n 2 (v 1t A,)* n 3 (v 1? 
n 2 (v 1( A,)= n 4 (v 1f A^ 



n 1 (v 2 , A,)* n 2 (v 2 , A 1 ) 
n 2 (v 2 . A 1 )-n 3 (v 2 , A^ 

n 2 (v 2 , A n ) * n 4 (v 2 , A.,) 

[0167] Figs. 16(a) and 16(b) are conceptual illustra- 
tions showing an optical element which has waveguides 
formed by these optical media and having a branch 
therein. That is. firstly, a three-dimensional periodic 
structure is formed by the second medium in the first 
medium. In this case as well, it is desirable that the pho- 
tonic crystal formed by the periodic structure open a 
bandgap to a wide range of directions in the frequencies 
v t and v 2 of incident lights, and it is particularly desirable 
to form a diamond structure that opens a bandgap in all 
directions. 

[0168] Some of the second media having this periodic 
structure are substituted with one-dimervsionally contin- 
uous third optical media, as exemplified in Fig. 16(a). In 
this case, since n 2 (v 1t A n ) * A,), for light having 
a frequency of v 1t these spots are spots where the pe- 
riodicity of the photonic crystal is irregular. These spots 
trap light having a frequency of v., that attempts to trans- 
mit in directions other than the direction in which the third 
media are continuously arranged, and function as an op- 
tical waveguide. However, for light having a frequency 
of v 2 , since n 2 (v 2 , A 1 ) = n 3 (v 2 , A.,), these spots are not 
spots where the periodicity is irregular and do not func- 
tion as a waveguide. These spots will be called "the first 
waveguide G1". 

[0169] Further, when other portion of the second me- 
dia is substituted with one-dimensionally continuous 
fourth optical media as exemplified in Fig. 16(a), since 
n 2 (v 1 , A.,) = n 4 (v 1( At), for light having a frequency of v v 
these spots are not spots where the periodicity is irreg- 
ular and do not function as a waveguide. However, for 
light having a frequency of v 2 , since n 2 (v 2 , A t ) * n 4 (v 2 , 
A 1 ), these spots are spots where the periodicity is irreg- 
ular and function as a waveguide. These spots will be 
called "the second waveguide G2". 
[0170] Further, one-dimcnsionally continuous spots 
exhibiting irregular periodicity to light having a frequency 
of v 1 and light having a frequency of v 2 are formed at 
still other spots as exemplified in Fig. 16(a) and will be 
called "the third waveguide G3". The first waveguide G 1 
and the second waveguide G2 are connected to the third 
waveguide G3. 

[0171] As shown in Fig. 16(b), when light having a fre- 



quency of v., and light having a frequency of v 2 are in- 
putted to these waveguides from the left end of the third 
waveguide G3 thereof, the light having a frequency of 
v t heads into the waveguide G1 but does not head into 

5 the waveguide G2 at the branch. On the other hand, the 
light having a frequency of v 2 does not head into the 
waveguide G1 but heads into the waveguide G2. Thus, 
the light having a frequency of v 1 and the light having a 
frequency of v 2 which have transmitted through the third 

10 waveguide G3 can be branched into the waveguide G1 
and the waveguide G2, respectively, according to fre- 
quency (wavelength) thereof. 

[0172] In the above description of the optical element 
having the above-described waveguides with reference 

is to Figs. 13 to 1 6 t a one-dimensional waveguide formed 
in a three-dimensional photonic crystal has been de- 
scribed. The present invention, however, is not limited 
to a three-dimensional photonic crystal. That is, it can 
be absolutely equally applied to a waveguide formed by 

20 taking advantage of the one-dimensional irregularity in 
the periodic structure in the photonic crystal having a 
two-dimensional periodic structure. 
[01 73] Further, the dynamic switching of the photonic- 
band structures and the switching in the waveguide as 

25 described with reference to Figs. 9 to 16 are achieved 
not by taking advantage of a mere change in refractive 
index by an external field, but by taking advantage of 
the fact that the refractive indices of two optical media 
out of optical media constituting a photonic crystal or an 

30 optical element comprising the photonic crystal can be 
made equal or almost equal in a certain wavelength by 
the application of an external field by exploiting varied 
dependences of the refractive indices of the media on 
external fields. 

35 [01 74] Fig. 1 7 is a graph exemplifying the dependenc- 
es of the refractive indices of three types of optical media 
on external fields. As the external fields can be used an 
electric field, a magnetic field, light, pressure, tempera- 
ture and the like. Representative types of these external 

^0 fields and representative mechanisms in which the ap- 
plication of such external fields induces a change in re- 
fractive index to cause switching of the photonic-band 
structures of the present invention will be enumerated 
below. 

45 [01 75] As for an electric field, (a) Stark shift, (b) Franz- 
Keldish effect, (c) Pockels effect, (d) Kerr effect, and (e) 
a change in refractive index by a change in orientation 
(effective for polarization in particular) can be employed. 
[0176] As for a magnetic field, (a) a change in refrac- 

50 tive index caused by the shifting of resonance energy 
associated with the level division caused by a magnetic 
field, and (b) Cotton-Mouton effect can bo employed. 
[0177] As for light, (a) optical Stark effect, (b) a 
change in refractive index associated with population 

55 migration caused by optical excitation (absorption satu- 
ration), (c) a change in refractive index caused by quan- 
tum interference by irradiation of light (Electromagneti- 
cally Induced Transparency), (d) a change in refractive 
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index caused by photoisomerization, (e) a change in re- 
fractive index caused by a structural change caused by 
irradiation of light, and (f) a change in refractive index 
caused by photoionization can be employed. 
[01 78] As for pressure, (a) piezoreflectance effect can 
be employed. 

[0179] As for temperature, (a) a change in refractive 
index associated with the band shift in an electronic 
structure caused by a change in temperature, (b) a 
change in refractive index associated with isomerization 
caused by a change in temperature, and (c) a change 
in refractive index associated with a structural change 
caused by a change in temperature can be employed. 
[0180] In addition, any two or more of the above ex- 
ternal fields may be used in combination to induce a 
change in refractive index effectively. Further, in the 
present invention, when the photonic crystal is formed 
of a material in which a change in refractive index to 
specific polarized light as controlled light is induced by 
the same mechanism as described above, dynamic 
switching of photonic-band structures, switching of 
waveguides and wave branching are possible to the 
specific polarized light. 

[0181] The optical elements and optical demultiplex- 
ers of examples 5 to 8 of the present invention will be 
described with reference to the drawings hereinafter. 

(example 5) 

[0182] To produce the optical element of the present 
invention, porous silica (Si0 2 ) forming the skeleton of a 
photonic crystal was prepared. This porous silica had a 
size of 1 mm x 1 mm x 1 mm, a porosity of not less than 
90% t an average void diameter of 30 nm and a refractive 
index of 1.015 to 1 .055 which was close that of air. 
[0183] This porous silica was immersed in the ethanol 
solution of a ruthenium complex to impregnate the po- 
rous silica with the ruthenium complex 
[0184] Fig. 18 shows the structural formula of the ru- 
thenium complex. After the porous silica was immersed 
in the ethanol solution for about 1 hour, it was subjected 
to heat treatment and reflux to have the ruthenium com- 
plex adsorbed to the inner walls of the porous silica. 
Thereafter, the porous silica was washed with ethanol 
to wash out the unadsorbed ruthenium complex. 
[01 85] Then , a laser beam having (he fourth harmonic 
(wavelength of 266 nm) from a O-swiiched YAG laser 
was condensed to a spot diameter of about 300 nm 
through a lens and irradiated to the thus-treated porous 
silica. In the irradiation, a mirror was controlled by a pi- 
ezo element-driven system to focus the laser beam on 
the inside of the porous silica, and the focus po»nt was 
changed successively to conduct three-dimensional 
patterning at each focus point. At the focus, the ruthe- 
nium complex was decomposed by high-intensity ultra- 
violet radiation. The patterning was conducted such that 
the ruthenium complex remained undecomposed 
should form a face-centered cubic lattice having a lattice 



constant of 700 nm. 

[01 86] Fig. 1 9 is a conceptual illustration showing the 
distribution of the ruthenium complex in the porous sili- 
ca. As shown in Fig. 19, the ruthenium complexes were 

5 formed to form a face-centered cubic lattice. Further, as 
shown in Fig. 19, the face-centered cubic lattice was 
formed such that the spots which had not been exposed 
to the intense ultraviolet radiation at the lattice points of 
the face-centered cubic lattice should have a rugby-ball 

10 shape having a long diameter of about 350 nm and a 
short diameter of about 300 nm. Further, the axis of the 
long diameter was directed to the nearest lattice point. 
By forming the face-centered cubic lattice as such, un- 
decomposed ruthenium complexes remained only at 

15 the rugby ball-shaped spots forming the face-centered 
cubic lattice. To remove the decomposition product of 
the ruthenium complex in the porous silica, ethanol and 
methanol were used to wash it out. 
[0187] Next, this porous silica was immersed in a so- 

20 lution formed by adding 1% of 4-rnorpholino- 
2,5-dibutyroxybenzenediazoniumfluoroborate as apho- 
toacid generator to Ceroxide2021 (trade name, product 
of Diecel Chemical Co., Ltd.) as an epoxy resin to im- 
pregnate the porous silica with this solution. 

25 [0188] Thereafter, a laser beam having a wavelength 
of 407 nm was generated by an excimer laser-excited 
dye laser. By using the same device as used in the pat- 
terning using the beam having a wavelength of 266 nm, 
the focus was set on the inside of the porous silica im- 

30 pregnated with the epoxy resin, the focus point was 
changed successively to irradiate the intense beam hav- 
ing a wavelength of 407 nm to the spots forming a face- 
centered cubic lattice having a lattice constant of 1.4 
urn. Further, at the lattice points thereof, the spots irra- 

35 diated with the intense beam having a wavelength of 
407 nm were formed in the shape of a rugby ball having 
a long diameter of about 450 nm and a short diameter 
of about 400 nm, and the axis of the long diameter was 
directed to the nearest lattice point. 

40 [0189] By the positioning using markers formed in the 
porous silica, the patterning using the beam having a 
wavelength of 407 nm was conducted at positions 
where the center of the resulting pattern would not co- 
incide with the center of the pattern formed by the beam 

45 having a wavelength of 266 nm. Further, this porous sil- 
ica was heated for 5 hours while maintained at 60°C. By 
forming the face-centered cubic lattice as such, the 
spots where the epoxy resin was cured were formed on- 
ly at the rugby ball-shaped spots forming the face-cen- 

so tered cubic lattice having a lattice constant of 1.4 pm. 
Thereafter, the porous silica was washed with acetone 
and methanol to remove the uncurcd resin and the acid 
generator. 

[0190] Next, the thus-treated porous silica was irn- 
55 mersed in methyl methacrylate containing 10 wt% of a 
dye (product of LAMBDAPHYStC Co., Ltd., IR26) to im- 
pregnate the porous silica with the methyl methacrylate. 
Thereafter, when a laser beam having a wavelength of 



on 
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500 nm from an excimer-excited dye laser was directed 
all over the porous silica, only the methyl methacrylates 
impregnated in the spots where the ruthenium complex 
in the porous silica had been adhered were polymerized 
by the catalytic action of the ruthenium complex. After 
the photopolymerization, the porous silica was washed 
with acetone to wash out the unpolymerized methyl 
methacrylate. As a result, rugby ball-shaped polymethyl 
methacrylates were formed at the spots forming the 
face-centered cubic lattice having a lattice constant of 
700 nm. 

[0191] Next, the ruthenium complex was caused to 
adhere to the spots in the porous silica which were oc- 
cupied by neither the epoxy resin nor the polymethyl 
methacrylate by using the ethanol solution, the unad- 
sorbed ruthenium complex was removed by washing, 
and the porous silica was immersed in methyl methacr- 
ylate containing 2 wt% of a dye (product of LAMBDA- 
PHYSIC Co., Ltd., 1R26) to impregnate the porous silica 
with the methyl methacrylate. Then, the methyl meth- 
acrylate was polymerized by the irradiation of a laser 
beam having a wavelength of 500 nm. 
[0192] Fig. 20 is a conceptual illustration showing the 
structure of the thus-formed photonic crystal. As shown 
in Fig. 20, the photonic crystal of the present example 
contains a polymethyl methacrylate 1 containing 2 wt% 
of the dye as a matrix, and the matrix 1 comprises a 
face-centered cubic lattice 2 with a lattice constant of 
700 nm which is formed of rugby ball-shaped polymethyl 
methacrylates containing 1 0 wt% of the dye and a face- 
centered cubic lattice 3 with a lattice constant of 1 .4 u.m 
which is formed of epoxy resins. 
[0193] When the infrared reflection spectrum of this 
photonic crystal near a wavelength of 1 ,000 nm was 
measured, a large reflection peak appeared just around 
1 ,000 nm. This is because the difference in refractive 
index between the polymethyl methacrylate 2 having 1 0 
wt% of the dye dispersed therein and the polymethyl 
methacrylate 1 having 2 wt% of the dye dispersed there- 
in is larger than the difference in refractive index be- 
tween the polymethyl methacrylate 1 having 2 wt% of 
the dye dispersed therein and the epoxy resin 3. and the 
photonic-bandgap was formed mainly by the spacial 
pattern of the polymethyl methacrylates 2 having 10 
wt% of the dye dispersed therein which are arranged in 
the form of the face-centered cubic lattice having a lat- 
tice constant of 700 nm. It is assumed that this caused 
a region where reflectivity is particularly high. to appear 
around 1 ,000 nm. 

[0194] Meanwhile, the reflection spectrum of this pho- 
tonic crystal near 1 ,000 nm was measured again by ir- 
radiating infrared light having a wavelength of 1 ,100 nm 
to this photonic crystal. 

[0195] Fig. 21 shows a graph showing the reflection 
spectra around 1 ,000 nm when the infrared light having 
a wavelength of 1 ,100 nm was irradiated/not irradiated. 
As is understood from Fig. 21, when the infrared light 
having a wavelength of 1.100 nm was irradiated, the 



large reflection peak which had been seen around 1 ,000 
nm disappeared. It is assumed that this is because the 
irradiation of the light having a wavelength of 1 ,100 nm 
caused absorption saturation in the spots in which the 

5 dye had been dispersed, and the difference in refractive 
index between the polymethyl methacrylate 2 having 10 
wt% of the dye dispersed therein and the polymethyl 
methacrylate 1 having 2 wt% of the dye dispersed there- 
in became smaller. 

10 [0196] Further, since, under this condition, the differ- 
ence in refractive index between the polymethyl meth- 
acrylate 1 having 2 wt% of the dye dispersed therein 
and the epoxy resin is larger than the difference in re- 
fractive index between the polymethyl methacrylate 2 

15 having 10 wt% of the dye dispersed therein and the 
polymethyl methacrylate 1 having 2 wt% of the dye dis- 
persed therein in the wavelength rage around 1 ,000 nm, 
it is assumed that the photonic-band is formed by the 
distribution pattern of the epoxy resins 3 forming the 

20 face-centered cubic lattice having a lattice constant of 
1.4 p.m. In fact, a reflection peak was observed around 
2,000 nm in the near-infrared region, and it is assumed 
that this is attributed to the photonic-band formed by the 
distribution pattern of the epoxy resin 3. 

25 [0197] As specifically described above, by forming the 
photonic crystal from the three types of the optical media 
1 , 2 and 3, the spaciat patterns of the spots which form 
i a photonic-band to a specific wavelength by irradiation 
of light can be switched, and the optical response can 

30 be significantly changed. 

[0198] It is needless to say that the processes and de- 
vices of examples 1 to 4 can be used in the present ex- 
ample. 

35 (example 6) 

[0199] Porous silica having the same standard and 
size as that used in example 5 was immersed in a solu- 
tion formed by adding 1% of 4-morpholino- 

40 2,5-dibutyroxybenzenediazoniumfluoroborate as a pho- 
toacid generator to Ceroxide 2021 (trade name, product 
of Diecel Chemical Co., Ltd.) as an epoxy resin to im- 
pregnate the porous silica with this solution. Thereafter, 
a laser beam having a wavelength of 407 nm was gen- 

45 erated by an excimer laser-excited dye laser. By using 
the same device as used in the patterning in example 
5, the focus was set on the inside of the porous silica 
impregnated with the epoxy resin, the focus point was 
changed successively to irradiate the intense beam hav- 

50 ing a wavelength of 407 nm to the spots forming a face- 
centered cubic lattice having a lattice constant of 1 .4 
um Further, at the lattice points thereof, the spots irra- 
diated with the intense beam having a wavelength of 
407 nm were formed in the shape of a rugby-ball having 

55 a long diameter of 450 nm and a short diameter of 400 
nm. and the axis of the long diameter was directed to 
the nearest lattice point. After at least 1 0 layers of lattice 
points were formed in the porous silica, this porous silica 
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was heated for 5 hours while maintained at 60°C. There- 
after, the porous silica was washed with acetone and 
methanol to remove the uncured resin and the acid gen-, 
erator. 

[0200] Next, the thus-treated porous silica was im- 
mersed in a Ceroxide 2021 (product of Diecel Chemical 
Co., Ltd.) epoxy resin containing 1 0 wt% of a dye (prod- 
uct of LAMBDAPHYSIC Co., Ltd., IR26) and 1 wt% of 
4-moroholino-2,5-dibutyroxybenzenediazoniumfiuor- 
oborate to impregnate the porous silica with the dye- 
containing epoxy resin. Thereafter, by the precise posi- 
tioning using markers formed in the porous silica, the 
sample was set again in the patterning device using a 
laser beam having a wavelength of 407 nm, the beam 
was directed onto the spots corresponding to one-di- 
mensionaliy continuous lattice points on the previously- 
formed top layer of the face-centered cubic lattice in 
such a manner that is consistent with the top layer/so 
as to cause the spots irradiated with the beam having a 
wavelength of 407 nm to take a rugby-ball shape having 
a long diameter of 450 nm and a short diameter of 400 
nm and the direction of the axis of the long diameter to 
be consistent with the direction of the long axis of the 
lattice point forming the underlying face-centered cubic 
lattice. 

[0201] Fig. 22 is a conceptual illustration showing the 
thus-formed structure. As shown in Fig. 22, the spots 22 
where patterning with the dye-containing epoxy resin 
was conducted are formed one-dimensionally on the 
layer 21 of the dye-free epoxy resin. 
[0202] After this dye -containing lattice point 22 was 
formed to occupy one line, this porous silica was heated 
for 5 hours again while maintained at 60°C. Thereafter, 
the porous silica was washed with acetone and metha- 
nol to remove the uncured resin and the acid generator. 
[0203] Next, the thus-treated porous silica was im- 
mersed in a Ceroxide 2021 (product of Diecel Chemical 
Co., Ltd.) epoxy resin containing 1 wt% of 4-morpholino- 
2,5-dibutyroxybenzenediazoniumfluoroborate to im- 
pregnate the porous silica with the epoxy resin. 
[0204] Thereafter, by the precise positioning using 
markers formed in the porous silica, the sample was set 
again in the patterning device using a laser beam having 
a wavelength of 407 nm, and 1 0 or more layers of lattice 
points forming a face-centered cubic lattice were formed 
over a line of the dye-containing epoxy resins 22 by ir- 
radiating the beam successively while moving the focus 
point in such a manner that is consistent with the previ- 
ously-formed face-centered cubic lattice 21 and a line 
of the epoxy resins 22 formed thereori. In the formation 
of the layers, the spots irradiated with the intense beam 
having a frequency of 407 nm wore caused to take a 
rugby-ball shape having a long diameter of 450 nm and 
a short diameter of 400 nm at the lattice points, and the 
direction of the axis of the long diameter was made con- 
sistent with the direction of the long axis of the lattice 
point constituting the underlying face-centered cubic lat- 
tice. 
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[0205] Thereafter, this porous silica was heated for 5 
hours again while maintained at 6b°C, and the porous 
silica was then washed with acetone and methanol to 
remove the uncured resin and the acid generator. 

5 [0206] Fig. 23 is a conceptual illustration showing the 
evaluation method of the function of the waveguide in 
the thus-obtained photonic crystal. 
[0207] First, as shown in Fig. 23(a), the porous silica 
was shaved in such a manner that the ends of one-di- 

10 mensionally-continuous dye-containing epoxy resins in 
a photonic crystal PC should be exposed, and optical 
fibers F1 and F2 were connected to each end thereof, 
respectively. When a laser beam having a wavelength 
of 1 ,000 nm was inputted in this fiber F1 , it was observed 

15 that a beam whose intensity was equal to 90% of the 
intensity of the inputted beam was being outputted from 
the fiber F2 located at the other side of the photonic crys- 
tal PC. That is, it was confirmed that the one-dimension- 
ally-continuous dye-containing epoxy resins were the 

20 spots where periodicity was irregular in the photonic 
crystal PC and functioned as an optical waveguide G. 
[0208] Next, as shown in Fig. 23(b). when a laser 
beam L having a wavelength of 1 ,1 00 nm was irradiated 
to the photonic crystal PC while its intensity was gradu- 

25 ally changed, the intensity of the beam outputted from 
the fiber F2 became zero when the intensity of the laser 
beam L reached a certain level. It is assumed that this 
is because the refractive indices of the lattice points 
formed of the dye-containing epoxy resin were changed 

30 by the irradiation of the beam, whereby the difference 
in refractive index between these lattice points and the 
dye-free lattice points was cleared, with the result that 
the one-dimensionally-continuous dye-containing 
epoxy resins became unable to function as the 

35 waveguide G. 

[0209] As specifically described above, according to 
the present example, an optical waveguide exhibiting a 
switching function by the irradiation of a beam having a 
wavelength of 1 ,100 nm was formed. 

40 

(example 7) 

[0210] An optical element having a waveguide formed 
in a photonic crystal was produced by using porous sil- 
45 ica having the same standard and size as that used in 
example 6 and the same patterning process as used in 
example 6. 

[0211] Fig. 24 is a conceptual illustration showing the 
structure of the photonic crystal PC formed in the 

so present example. In the present example, as spots 
where periodicity was irregular, there were formed a 
waveguide (to be referred to as "waveguide Gr here- 
inafter) comprising lattice points formed of an epoxy res- 
in containing 10 wt% of a dye (product of LAMBDA- 

55 PHYSIC Co., Ltd.. IR26) having an absorption peak 
around 1,100 nm, a waveguide (to be referred to as 
"waveguide G2" hereinafter) formed of an epoxy resin 
containing a dye (product of LAMBDAPHYSIC Co., Ltd.. 



22 
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IR132) having an absorption peak around 850 nm, and 
a waveguide (to be referred to as "waveguide G3" here- 
inafter) comprising one-dimensionally continuous 
points where lattice points were supposed to be formed 
by the epoxy resin but were not formed on purpose. 
These waveguides were connected to one another in 
the photonic crystal as shown in Fig. 24. 
[0212] Of the three waveguides G1 to G3, a laser 
beam having a wavelength of 1 ,000 nm lead by an op- 
tical fiber was inputted in the left end of the waveguide 
G3. At this point, a laser beam having a wavelength of 
850 nm was directed all over the photonic crystal PC. 
When the beams outputted from the ends of the 
waveguides G1 and G2 were measured, it was found 
that at least 80% of the inputted laser beam was output- 
ted from the waveguide G1 . It is assumed that this was 
attributed to the following mechanism. 
[0213] That is, under this condition, the wavelength of 
the inputted 1 ,000-nm beam is located at the higher en- 
ergy side of the absorption peak wavelength of 1,100 
nm with regard to the waveguide G1 and present in a 
spectral region exhibiting a lower refractive index that 
the refractive index when only an epoxy resin is used. 
Meanwhile, with regard to the waveguide G2, the wave- 
length of the inputted 1,000-nm beam is present in a 
spectral region where the refractive index at the lower 
energy side of the absorption peak wavelength of 850 
nm is higher. However, since the waveguide G2 is highly 
excited by the laser beam having a wavelength of 850 
nm and, along with absorption saturation, the refractive 
index has been made close to the refractive index when 
only an epoxy resin is used, the inputted beam can hard- 
ly recognize the waveguide G2 as the portion where the 
periodicity of the refractive index is irregular. Therefore, 
the waveguide that actually functions is only the 
waveguide G1 that the inputted beam recognizes as the 
portion where the periodicity of refractive index is irreg- 
ular. 

[0214] Next, a laser beam having a wavelength of 
1 ,1 00 nm was irradiated all over the photonic crystal PC 
in place of the laser beam having a wavelength of 850 
nm. When the outputted beams having a wavelength of 
1 1 000 nm from the ends of the waveguides G1 and G2 
were measured under this condition, it was found that 
at least 80% of the inputted laser beam was outputted 
from the waveguide G2. It is assumed that this was at- 
tributed to the following mechanism. 
[021 5] That is. under this condition, the wavelength of 
the inputted 1 ,000-nm beam is located at the lower en- 
ergy side of the absorption peak wavelength of 850 nm 
with regard to the waveguide G2 and present in a spec- 
. tral region exhibiting a higher refractive index that the 
refractive index when only an epoxy resin is used. 
Meanwhile, with regard to the waveguide G1 , the wave- 
length of the inputted 1 ,000-nm beam is present in a 
spectral region where the refractive index at the higher 
energy side of the absorption peak wavelength of 1 ,1 00 
nm is lower. However, since the waveguide G1 is highly 



excited by the laser beam having a wavelength of 1.100 
nm and. along with absorption saturation, the refractive 
index has been made close to the refractive index when 
only an epoxy resin is used, the inputted beam can hard- 

5 ly recognize the waveguide G1 as the portion where the 
periodicity of the refractive index is irregular. Therefore, 
the waveguide that actually functions is only the 
waveguide G2 that the inputted beam recognizes as the 
portion where the periodicity of refractive index is irreg- 

10 ular. 

[0216] As specifically described above, according to 
the present example, the direction of light proceeding in 
the waveguides could be switched by changing the 
wavelength of the light directed onto the optical medium. 

15 

(example 8) 

[0217] An optical element having a waveguide formed 
in a phoionic crystal was produced by using porous sil- 
20 ica having the same standard and size as that used in 
example 7 and the same patterning process as used in 
example 7. 

[0218] In the present example, as spots where perio- 
dicity was irregular, there were formed a waveguide (to 
25 be referred to as "waveguide G1" hereinafter) compris- 
ing lattice points formed of an epoxy resin containing 10 
wt%of adye (product of LAMBDAPHYSIC Co.. Ltd., Cr- 
esyl Violet) having an absorption peak around 600 nm, 
a waveguide (to be referred to as "waveguide G2 M here- 
30 inafter) formed of an epoxy resin containing a dye (prod- 
uct of LAMBDAPHYSIC Co., Ltd., Coumarin 334) hav- 
ing an absorption peak around 450 nm, and a 
waveguide (to be referred to as "waveguide G3 B here- 
inafter) comprising one-dimensionally continuous 
35 points where lattice points were supposed to be formed 
by the epoxy resin but were not formed on purpose. 
These waveguides were connected to one another in 
the same arrangement in the photonic crystal as in the 
case of example 7. 
40 [0219] Of the three waveguides G1 to G3, laser 
beams having wavelengths of 700 nm and 500 nm lead 
by an optical fiber were inputted in the left end of the 
waveguide G3. When the beams outputted from the 
ends of the waveguides G1 and G2 were measured, it 
45 was found that at least 80% of the inputted laser beam 
having a wavelength of 700 nm was outputted from the 
waveguide G1 and at least 80% of the inputted laser 
beam having a wavelength of 500 nm was outputted 
from the waveguide G2. 
so [0220] This is because the portion of the waveguide 
that is formed of the dye-containing §poxy resin exhib- 
iting a high refractive index for the beam having a wave- 
length of 700 nm differently from other epoxy resin spots 
is the waveguide G1 , while the portion of the waveguide 
55 that is formed of the dye-containing epoxy resin exhib- 
iting a high refractive index for the beam having a wave- 
length of 500 nm differently from other epoxy resin spots 
is the waveguide G2. 
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[0221] As described above, according to the present 
examples 5 to 8, an optical element that switched the 
heading direction of light according to wavelength and 
functioned as an optical demultiplexer was obtained. 
[0222] While the present invention has been dis- 
closed in terms of the preferred embodiment in order to 
facilitate better understanding thereof, it should be ap- 
preciated that the invention can be embodied in various 
ways without departing from the principle of the inven- 
tion. Therefore, the invention should be understood to 
include all possible embodiments and modification to 
the shown embodiments which can be embodied with- 
out departing from the principle of the invention as set 
forth in the appended claims. 

[0223] The entire disclosure of Japanese Patent Ap- 
plications No. H 1 1 -271 378 filed on September 24, 1 999 
and No. H11 -280043 filed on September 30, 1999 in- 
cluding specifications, claims, drawings and summaries 
are incorporated herein by references in their entirety. 



Claims 

1. A process for producing an optical element includ- 
ing a photonic crystal in which spots having refrac- 
tive index different from that of their surroundings 
are periodically arranged, said process comprising 
the steps of: 

exposing an optical medium, whose refractive 
index is changed by an intensity of irradiated 
light or by a predetermined treatment conduct- 
ed after light irradiation, to a first optical field 
where an intensity of light spacially changes at 
a period of an order of a wavelength of the light 
during a given period; 

changing a relative positional relation between 
the optical medium and the optical field; and 
exposing the optical medium to a second opti- 
cal field where the light intensity spacially 
changes at a period of an order of a wavelength 
of a light. 

2. The process according to claim 1 , wherein the re- 
fractive index of said optical medium is changed in 
accordance with an intensity of an irradiated light 
by a lapse of a predetermined lime after the irradi- 
ation of the light or by a heat treatment, or by an 
irradiation of electromagnetic wave or corpuscular 
radiation, or by a treatment with a chemical after the 
irradiation of light. 

3. The process according to claim 2, further compris- 
ing a step of forming the photonic crystal having a 
spacial distribution of a refractive index in accord- 
ance with the intensity of the irradiated light by treat- 
ing the optical medium with the chemical. 



4. The process according to claim 3, whereinsaid op- 
tical medium is a porous material with a photopoly- 
merizable monomer impregnated thereinto, and the 
impregnated photopolymerizable monomer at a 

5 portion where an intensity of the irradiated light is 
lower than the reminder is removed by the treat- 
ment of the chemical in said forth step. 

5. The process according to claim 1 , wherein at least 
w one of the first optical field and the second optical 

field is created by the interference of laser beams. 

6. The process according to claim 5, wherein at least 
one of the first optical field and the second optical 

*5 field is created by a standing wave generated by the 
interference of a iaser beam propagating in a first 
direction and a laser beam propagating in a second 
direction opposite to said first direction. 

20 7. The process according to claim 6, wherein said la- 
ser beam propagating in a second direction is made 
by reflecting said laser light propagating in said first 
direction. 

25 8. The process according to claim 1, wherein the 
changing step including a step of placing the optical 
medium on a stage moved by a piezoelectric ele- 
ment in three directions which are not parallel to one 
another, and a step of shifting a position of the op- 

30 tical medium as much as a minute distance of an 
order of a wavelength of the light in the first optical 
field. 

9. The process according to claim 1 , wherein at least 
35 one of the first optical field and the second optical 
field is created by forming spots having a higher in- 
tensity of light at each lattice point of a three-dimen- 
sional lattice. 

40 10. The process according to claim 9. wherein a distri- 
bution of the intensity of the light at the spots is an- 
isotropic. 

11. The process according to claim 10, herein the dis- 
45 tribution of the intensity of the light at the spots have 

a shape extended in three directions which are not 
parallel to one another. 

12. The process according to claim 1 , wherein the first 
so optical field and the second optical field have es- 
sentially the same period. 

13. The process according to claim 1 , wherein the first 
optical field and the second optical field are different 

55 in an intensity of the light. 

14. A device for producing an optical element, compris- 
ing: 



47 



EP 1 089 095 A2 



an optical system which creates an optical field 
where a light intensity changes in space at a 
period of an order of a wavelength of a light; and 
a movable stage which holds an optical medi- 
um whose refractive index is changed by an in- 5 
tensity of an irradiated light, in the optical field 
where light intensity periodically changes and 
which shifts the optical medium as much as a 
minute distance of an order of a wavelength of 
the light in the field. 10 

15. The device according to claim 14, wherein said 
movable stage moves by a piezoelectric element. 

16. The device according to claim 14, wherein the op- 
tical field is created by an interference of laser 
beams, 

17. The device according lo claim 16, wherein the op- 
tical field is created by a standing wave generated 20 
by the interference of a laser beam propagating in 

a first direction and a laser beam propagating in a 
second direction opposite to said first direction. 

18. The device according to claim 17, wherein said la- 2 $ 
ser beam propagating in a second direction is made 

by reflecting said laser light propagating in said first 
direction. 

19. The device for producing the optical element ac- 30 
cording to claim 14, which further comprises a light 
source and a detector for evaluating the produced 
optical element. 

20. An optical element comprising a photonic crystal in 35 
which spots having refractive index different from 
that of their surroundings are periodically arranged, 
wherein the spots are located at lattice points of a 
certain crystal structure, the refractive index distri- 
bution at each lattice point has a shape having pro- *o 
jections or bulges in the directions of three different 
axes, the crystal structure is not a simple lattice or 

the distribution of the refractive index at each lattice 
point does not have inversion symmetry, and the re- 
fractive index distributions at the lattice points form- 45 
ing a simple lattice together have the same shape 
and direction. 
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(54) Process and device for producing photonic crystal, and optical element 



(57) There is provided a process for producing an 
optical element comprising a photonic crystal in which 
spots having different indices are arranged periodically, 
comprising the step of exposing an optical medium 
whose refractive index changes by irradiation of light or 
by a predetermined treatment conducted after the irra- 
diation of light according to the intensity of the applied 
light to a field where light intensity changes in space at 
a period of the wavelength order of light and holding the 
optical medium for a given time, and the step of repeat- 
ing at least once the step of creating another field where 
light intensity changes in space at a period of the wave- 
length order of light by shifting the optical medium. Fur- 
ther, by using a plurality of optical media whose refrac- 
tive indices change by an external field, the refractive 
indices of certain two media out of these optical media 
are caused to be the same or about the same under a 
certain external field condition. By reflecting the distri- 
bution patterns that light senses under these two condi- 
tions on a desired crystal structure, shape of a lattice 
point and period, there can be provided an optical ele- 
ment and an optical demultiplexer that are capable of 
dynamically switching between two significantly differ- 
ent photonic structures by switching the external field 
conditions. 
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